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The objectives of this study were to determine the apparent metabolizable energy (AME), 
nitrogen corrected AME (AMEn)of soy protein concentrate (SPC), and standardized ileal 
amino acid digestibility (SIAAD) of (SPC) and dehulled soybean meal (SBM) in broiler 
and turkey poults. Soy protein concentrate and SBM was the only source of CP in their 
respective semi-purified diets used for estimating SIAAD in 7 and 21 d–old broiler 
chicken and  turkey poults. Two experiments (Exp 1 and 2) were conducted with 6 
replicate cages of 20 (d 7) and 6 (d 21) birds/cage. In Exp.1, experimental diets 
containing 0, 7, 14, and 21% of SPC replaced the energy contributing ingredients in the 
diet. Excreta were collected from d 5 to 7 and d 19 to 21, frozen, and dried. In Exp. 2, 
two semi-purified diets were formulated to contain 20% CP. Experimental diets were fed 
for 5 d (d 2 to 7) and (d 16 to 21) and ileal digesta was collected on d 7 and 21.In Exp.1, 
increasing dietary SPC had no effect on AME or nitrogen-corrected AME (AMEn) at 7 d 
of age in broiler chicken. However, increasing SPC linearly improved AME (P=0.002) 
and AMEn (P=0.019) at 21 d. The AME and AMEn for SPC containing diets based on 
linear regression was 2,784 and 2,622 Kcal/Kg at 7 and 3,676 and 3,473 kcal/kg at 21 d, 




increased (P=0.0001) from d 7 to 21. There was a soy source by age interaction (P<0.05) 
for SIAAD, where SBM digestibility increased only slightly from d 7 to 21, while 
digestibility of SPC increased quite remarkably. In turkey poults, increasing SPC linearly 
improved AME and AMEn on d 7 and 21 (P ≤ 0.028).  The AME and AMEn for SPC 
containing diets based on linear regression was 3,385 and 3,152 at 7 and 3,666 and 3,409 
on d 21, respectively. In Exp. 2, apparent DM digestibility for SPC-and SBM-based diets 
were not significantly different between ages (P >0.10) and diets (P=0.097). Apparent N 
digestibility was different between ages (P<0.05) but not different between diets (P>0.10) 
with no age by diet interaction. The SIAAD were not significantly different between ages 
and diets. 
In conclusion, replacing the energy contributing ingredients of a corn/SBM basal diet 
with graded levels of SPC resulted in significant improvement in AME and AMEn in both 
broiler chicks (21d) and turkey poults (7 and 21d). SBM has a slightly higher SIAAD 
compared to SPC in broiler chicks and the digestibility of DM, N, and amino acids were 
substantially less at 7 versus 21 d of age. In turkey poults, the amino acid content of SPC 
was well utilized by the young poults compared to the broiler chicken. Nevertheless, SPC 
has considerably higher energy and amino acid density than SBM in both species. 
 
Key words: broiler chick and turkey poults, metabolizable energy, soybean meal, 




CHAPTER 1. LITERATURE REVIEW 
1.1 Introduction 
Soybeans are a good source of protein and oil. Soybeans have a long history of 
being used as protein source in human life. Nowadays, soybean products like soybean 
meal (SBM) and soy protein concentrate (SPC) are used as a protein and energy source in 
animal nutrition. Particularly, soybeans are used as a reliable protein and essential amino 
acid source in non-ruminant animals like poultry and swine. The soybean seed has about 
37% CP, and 18% crude fat, (Karr-Lilienthalet al., 2005). 
Nevertheless, soybeans have as much carbohydrates as protein and the 
carbohydrate fraction has some anti-nutritional factors which can limit its usage (Choctet 
al., 2010). Using unprocessed and raw soybean can caused intestinal disorders and 
physiological changes in the animal (Peisker, 2001).  Irish and Balnave (1993) reported 
that poor growth performance was observed, when SBM was used as sole source of 
protein in the broiler chicken diet. They also observed that SBM which was processed in 
Australia had much greater impact on poor growth compared to the SBM processed in the 
USA. Therefore, processing can impact the anti-nutritional factors of soybeans. 
Furthermore, Pierson et al. (1980) reported that metabolizable energy of SBM is 
low compared to its gross energy and it’s due to the poor digestion of the oligosaccharide. 




oligosaccharides (raffinose and stachyose) fraction of the SBM and removing of this 
portion with ethanol extraction can improve the true nitrogen corrected metabolizable 
energy (TMEn) and decrease the digesta passage rate.  Poultry do not have the enzymes to 
break the α- (1,6) galactoside bonds of the oligosaccharides, (Gitzelmann and Auricchio, 
1965) and feeding exogenous α- (1,6) galactosidase also didn’t improve the 
metabolizable energy of SBM (Irsih et al.,1995). Thus, higher concentrations of 
oligosaccharides can cause fluid retention, increased digesta flow rate, decreased TMEn, 
and cause leg and feet disorders (Wiggins, 1984;Leske, 1991).  Leske et al. (1993) also 
reported that addition of raffinose and stachyose to the soy protein concentrate diet 
significantly decreased TMEn values in the leghorn rooster.  
Besides processing and removing the oligosaccharide portion of soybean, 
genetically improved soybean lines can increase the nutritional value (Parsons et al., 2000; 
Baker et al., 2011). Chen et al. (2013) reported that genetically reduced oligosaccharide 
SBM (SBM-RO) had greater TMEn values compared to conventional soybean meal 
(CSBM), but they didn’t find any difference between standardized ileal amino acid 
digestibility of CSBM and SBM-RO. Parsons et al. (2000) obtained similar results from 
genetically low oligosaccharide (LOSBM) compared to conventional soybean meal 
(CSBM), and mentioned that LOSBM has higher TMEn than the CSBM. Perryman and 
Dozier (2012) also found that genetically reduced oligosaccharide soybean had higher 
nitrogen corrected apparent metabolizable energy (AMEn) and apparent ileal amino acid 
digestibility (AIAAD) values compared with CSBM. 
In conclusion, researchers using different methods to reduce or hydrolyze the 




developing improved genetically soybean line to get better nutrient profile of 
soybean)and can greatly improve its nutritional value for animal consumption. 
1.2 Soybean 
Soybeans have been used as protein source and staple food of human from ancient 
ages. Soybeans were first domesticated by Chinese people around 5000 year ago.  The 
soybean seed has about 38% protein, 15% soluble carbohydrates (sucrose, stachyose, 
raffinose), 15% insoluble carbohydrates (dietary fiber), 18% oil and 14 % moisture and 
ash (Karr-Lilienthal et al., 2005).The soybean seed produces about 2/3rd of the protein 
concentrate, 1/4thofoil/fats, and 3/4thof the high protein meal of the world (Peisker, 2001). 
From the beginning of the 20th century, soybeans and its products have been used in 
animal feed. In the USA, soybean products were developed primarily in the 20th century 
and nowadays the USA is the largest soybean producer in the world.  
Expansion in soybean production is due to high demand in both human and 
animal nutrition, and also from the growth of the world wide soy oil market 
(Peisker,2001).To improve the nutritional value of the soybean, processing is an 
important factor. Different types of by-products result from soybean processing such as 
soybean meal, soybean protein concentrate, soy isolate and crude oil, and are used in 
human and animal nutrition.  
1.2.1 Soybean products 
1.2.1.1 Soybean meal 
Soybean meal has been recognized for having a high quality protein, and has been 




and cleaning of high quality soybean, followed by dehulling, cracking, steam 
conditioning and solvent extraction, which separates defatted flakes from crude oil. 
Soybean meal comes from the defatted flakes, by toasting and removing of the hexane 
residue.  
The protein amount of SBM is adjusted by adding hulls back to the soybean meal. 
High protein SBM has about (47-50%) CP and the low protein SBM has about (42-44%) 
CP (Peisker,2001). SBM is a rich source of lysine and tryptophan but first limiting in 
sulfur amino acids and second limiting in threonine (Emmertand Baker, 1997).Feeding 
soybean meal can cause a reduction in the digestibility of protein (Saxean et al. 
1993).Nitsan (1965) also found that heated SBM has higher true protein digestibility 
compared to raw SBM. Beiler et al. (1973) obtained similar results and indicated that 
protein digestion was 20% lower when raw SBM fed was to broiler chickens compared to 
heat- processed SBM.  
1.2.1.2 Soybean Protein Concentrate (SPC) 
Soybean protein concentrate is another product of soybean that is a by-product 
coming from soybeans after extraction of oil. Soy protein concentrate is processed with 
two methods, extraction and enzymatic degradation, both giving a different nutrient 
profile. Soluble carbohydrates and hexane are separated from defatted flakes by vacuum 
drying. These processes help to keep soybean protein from changing its characteristics. 
With removal of soluble carbohydrates, many anti-nutritional factors like estrogens and 




and is used in calves, piglet starter diet, poultry, milk replacers, pet food, and aquaculture 
(Peisker, 2001). 
1.2.1.3 Soy Isolates 
Soy isolate is the end product of soybean manufacturing and comes from defatted 
flakes. Soy isolate has about 90% CP and used is in human food, processed meat, sauces, 
gravies, dairy blends and high protein beverages (Peisker, 2001). 
1.3 Anti-nutritional factor of soybean 
Soybeans have been recognized as a good source of protein and oil. The 
nutritional value of soybean proteins is determined by its amino acid composition and 
availability the amino acids to the animal. Soybeans have some anti-nutritional factors 
(ANFS) which can interfere with protein and decreases its utilization.  Osborne and 
Mendel(1917) indicated that the nutritional value of soybean protein can be improved by 
applying a certain amount of heat. Some ANFS can be decreased with heat, but there are 
some others which can’t be inactivated by heat and can reduce the nutritional value of 
soybeans.  According to the heat resistance ANFS can be classified as heat-labile or heat 
stable (Peisker, 2001). Table 1.1 shows both types of ANFS. 
Table 1.1. Antinutritional factors in soybeans (Peisker, 2001).      
Heat Labile    Heat Stable 
Protease inhibitors   Saponins 
Lectins     Tannins 
Goitrogens    Estrogens 
Antivitamins    Oligosaccharides 
       Antigens 




1.3.1 Heat labile Anti-Nutritional Factors 
1.3.1.1 Protease inhibitors 
Protease inhibitors inhibit the digestive enzymes, trypsin and chymotrypsin, and 
decreases protein digestibility. This inhibiting ability of soybean was first reported by 
Read and Hass in 1938. Trypsin inhibitors are able to inhibit the growth of rats (Klose et 
al., 1946), mice (Westfall and Hauge, 1948) and chicks (Ham et al., 1945) due to the 
depression of protein digestibility. McNaughton et al. (1981) also found that the protease 
inhibitor caused poorer growth and lower feed efficiency in broiler chickens. In turkey, 
soybean meals which had higher amount of trypsin inhibitor and were not subjected to 
heat, caused poorer growth (Mian and Gralich, 1987).Chernick et al. (1948) reported that 
protease inhibitors caused enlargement of the pancreas. The pancreas hypertrophy 
increased trypsin and chymotrypsin secretion, which caused an increase in endogenous 
losses of amino acid (Nitsan and Liener, 1976). Processing of the soybean can help to 
decrease the effects of protease inhibitors. Steam conditioning or toasting is the most 
common method to inactivate trypsin inhibitors (Albrecht et al., 1996). There are some 
other methods like boiling in water, microwaving, dry toasting, infrared radiation, 
extrusion cooking, dielectric heating and gamma irradiation that can also help to 
effectively inactivate trypsin inhibitors. Beside the heat treatment, chemical treatment is 
also used for inactivating of trypsin inhibitors.  High heat treatment may damage protein, 
but chemical treatment facilitates to decrease temperature and inactivate protease 
inhibitors (Friedman et al., 1982). Genetics also can play an important role by selecting 





Lectins are glycoproteins which are mostly found in plants. Soybean also has 
lectins which cause agglomeration of red blood cells of the animal. Liener (1953) 
reported that lectins can cause poorer growth in rats. Lectins disrupt the brush border, 
microvilli and damage the epithelial cell of the intestines (Pusztai et al., 1990). Grant et al. 
(1988) reported that, as trypsin inhibitors, lectins also caused enlargement of the pancreas, 
decreased the amount of insulin concentration in blood, and caused degenerative changes 
in the liver and kidneys. Lectins inhibit disaccharide and proteases (Jindal et al.,1982) 
and decrease the absorption of non-heme iron (Hisayasu et al., 1992). Schulze et al. (1995) 
reported that lectins increase nitrogen losses in the excreta due to the endogenous damage 
to the intestinal mucosa. Lectins are resistant to dry heat treatment, but moist heat 
treatment improves the nutritive value of proteins. Some researchers have worked on 
genetically improved varieties of soybean and reported that these varieties have less 
agglomerative activities compare to the normal soybeans. Donatucci (1983) used a lectin 
free variety of soybean and found out that lectin-free soybean improved rat growth. In 
chickens, there were no significant differences in growth using lectin-free soybean diet, 
but there were significant effects on growth using trypsin-inhibitor free varieties of 






1.3.1.3  Goitrogens 
Goitrogens cause enlargement of the thyroid gland in rats (Sharpless et al., 1939) 
and in chicks (Wilgus et al., 1941). Divi and Doerge (1996) reported that isoflavones, 
genistein and daidzein inhibit a reaction which is necessary for synthesis of thyroid 
hormone. Some cases of goiter have been also reported in humans after drinking soybean 
milk (Shepard et al., 1960).  
1.3.1.4 Antivitamins 
Sumner and Dounce (1939) reported that raw soybean have some enzymes which 
destroy and oxidize carotene. When feeding 30% raw soybeans, there was a significant 
decrease in vitamin A and carotene concentration in dairy calves (Shaw et al., 1951).  
Soybeans don’t have vitamin B12 and feeding raw soybean also increased the requirement 
of B vitamins in diet. Carlson et al. (1964) reported that feeding unheated soybeans to 
turkey poults caused rickets and decreased bone ash. Jensen and Mraz (1966) have also 
reported the same problem in chicks.  When soybeans were autoclaved and diets 
supplemented with vitamin D3, these problems were not observed.  Researchers have also 
reported that raw soybeans increased the requirement for α- tocopherol and soybeans 
have some oxidative substances which can destroy vitamin E (Murillo and Gaunt, 1975).   
1.3.2 Heat stable Anti-Nutritional Factors 
1.3.2.1 Saponins 
Saponins are known for hemolytic properties and hemolyze red blood cells. 
Soybeans have about 10 saponins which are attached to sugars like glucose, galactose, 




saponins which have adverse effects on growth performance. Ishaaya et al. (1969) 
reported that soybean saponins had no adverse growth effects on chicks, rats, and mice. 
Soybean related saponins have weak effects on small intestinal permeability, and has no 
adverse effects on active transport of nutrient (Johnson et al., 1986).  Saponins are not 
always considered to be true anti-nutritional, as they have been also reported to help in 
lowering the concentration of blood and liver cholesterol (Oakenfull et al., 1984).  
1.3.2.2 Tannins 
All legumes have some amounts of tannins, it is the polyphenolic portion, which 
depresses growth and decreases the digestibility of protein and carbohydrates (Jansman 
and long staff, 1993). Soybeans have less tannin compared to other legumes and most 
researchers ignore its anti-nutritional effects.  
1.3.2.3 Estrogens 
Plant estrogen also called phytoestrogen, can causes enlargement of parts of the 
reproductive system like the vagina and, uterus, and result in the development of female 
secondary characteristics. Makela et al. (1995) reported that soybean and its products 
showed estrogenic response in rats and mice.  This estrogenic substance is chemically 
known isoflavones, which is related to the glycoside part of the soybean. The amounts of 
isoflavones depend on the method of processing and their estrogenic activities related to 
the concentration of diethylstilbestrol and coumesterol (Wang and Murphy, 1996).  
Phytoestrogens have shown to have some beneficial activities in human.  Messina and 
Erdamn (1995) reported that phytoestrogens have important roles in prevention of some 





Oligosaccharides are the heat stable ANFS and soluble part of carbohydrates.  
Primary oligosaccharides of soybean are raffinose and stachyose. Saini (1989) reported 
that on a dry matter basis, soybean has about1.9 and 5.2 % of raffinose and stachyose, 
respectively. Oligosaccharide sugars are linked by α- 1,6-galacosidic bonds, and poultry 
don’t have the enzyme to break down this linkage (Gitzelmann and Auricchio, 1965).  
Furthermore, carbohydrates which have low molecular weights like 
oligosaccharide are only digested about 40-50% in the small intestine (De Schrijver, 
2001). In some non-ruminants like the pig, large amounts of oligosaccharide are digested 
with microbial digestion in the large intestines (Carre et al., 1990). Coon et al. (1990) 
reported that raffinose and stachyose were digested about 1% in the ileum but its 
digestibility with excreta collection was about (84-90%) in the rooster. Carre et al. (1990) 
also observed that based on corn and soybean meal diet, apparent digestibility of 
oligosaccharide is about 82% in the cockerel.  
Higher concentration of the oligosaccharides caused fluid retention, increased 
digesta flow rate, decreased TMEn, and caused leg and feet disorders (Wiggins, 1984; 
Leske, 1991).  Digestion of oligosaccharide in the lower part of the intestines causes gas 
production, which results in flatulence, nausea, diarrhea and abdominal rumbling (Rakis 
et al., 1970). Leske et al.(1995) observed that the oligosaccharide portion of soybean 
meal is poorly digested and it caused low energy utilization in poultry. Iresh and Balnave 
(1993) also reported that several negative performances are correlated with the 
concentration of oligosaccharide in broiler chicken. Feed intake, weight gain and feed 




of 1-2% of stachyose can reduce the growth rate of weaning piglets (Zhang et al., 2003).  
In growing pigs, high concentrations of stachyose and raffinose on a SPC based diet 
decreased N and amino acid digestibility, and the addition of exogenous α-galactosides 
also didn’t improve true ileal N and AA digestibility except for Val and Tyr (Smiricky et 
al,. 2002). Smiricky et al. (2003) also suggested that in growing pigs galacto-
oligosaccharides with soy soluble might be used as prebiotics, because it increases fecal 
bifidobacteria and lactobacillus populations, and reduce ileal and total tract DM and N 
digestibility. Fledderus (2005) reported that SBM based diet resulted in high diarrhea 
compare to SPC based diet.  Replacement of a SPC with SBM as a protein source can 
reduces diarrhea incidence and improve growth performance in the weaning piglets.  
 Attempts have been made to reduce the oligosaccharide portion of soybean.  
Liener (1989) worked on developing endogenous enzymes during soybean germination 
which can hydrolyze oligosaccharides by autolysis. Angel (1988) reported that with the 
autolysis of soybean there was no significant difference in the energy value fed to the 
chicken.  Another approach was to use some exogenous enzymes which were derived 
from fungi to  reduce the amount of oligosaccharide (Kim et al., 1973).  
1.3.2.5 Antigen 
Primary antigens of the soybean are glycinin and β-conglycinin.  Pre-ruminant 
calves and piglets develop antibodies in the serum and prevent production of beneficial 
bacteria in the digestive tract (Sissons et al., 1989). Feeding soybean caused allergic 
responses, intestinal disorder, diarrhea and poor growth in the preruminant calf and 




glycinin and β-conglycinin, the major protein fractions of the soybean (Kilshaw and 
Sissons, 1979). These proteins are resistant to denaturation. Sissons et al. (1979) reported 
that these allergenic factors can be reduced with hot aqueous alcohol treatment.  
1.3.2.6 Phytate 
Phytate is an inositol which has six phosphate groups and on a dry weight basis, 
soybean has about 1-1.5% of phytate. When feeding of soybeans as the main protein 
source in animal diets, requirement for several minerals are increased. Phytate has the 
ability to prevent absorption of minerals like iron, calcium, zinc, manganese, potassium 
and phosphorus from the intestines. Particularly, phytate is interfering with phosphorus 
utilization in soy products (Peisker. 2001). Due to this characteristic of phytate in 
soybean, the mineral requirements of animals may increase. Two-thirds of phosphorus in 
soybean is bound to phytate. Exogenous phytase is needed to take advantage of this 
phosphorus (Swick and Ivey, 1992). Phytase is now commonly supplemented into 
poultry diets and is derived from several fungal and microbial species and has long been 
utilized to improve the availability of phosphorus in poultry (Simons et al., 1990).  
1.4 Energy 
Energy is the capacity of doing work. Energy and its metabolism are known as 
bioenergetics. The principles of bioenergetics are the law of conservation of energy, and 
the law of initial and final states of energy. These laws describe that energy is converted 
from one form to another, neither created nor destroyed.  Therefore, the energy used by 
an animal could be retained or lost from an animal and transformation of energy depends 




including chemical, thermal, electrical and radiant. In nutrition chemical energy is 
measured as heat produce in oxidation. The basic unit of measuring energy is a calorie.  
A calorie is the heat required for one gram of water to be raised from 16.5 to 17.5 degree 
centigrade.  The joule is also used for energy measurement, and 1 cal=4.184 joules 
(Church, D. C., and Pond, W. G. 1995). 
1.4.1 Types of energy 
1.4.1.1 Gross energy 
Gross energy is the amount of heat coming from the complete oxidation of feed, 
body tissue, food, or other substances. Gross energy is measured with a bomb calorimeter. 
Feeds have different amounts of gross energy. There are some energy values which are 
accepted as standard and used in energy calculations. For example, carbohydrates have 
about 4.1 Kcal/g, protein 5.7 Kcal/g, and fats 9.4 Kcal/g of energy.  The amount of 
energy in feed depends on the C/H ratio and amount O and N. In fats, this ratio is high 
and there is more O required for its oxidation which produces more heat. Gross energy is 
not a practical value for measuring energy in animals (McDonald.2002). 
1.4.1.2 Digestible energy 
Digestible energy (DE) is the difference between energy intake (IE) and the 
energy which is lost in the feces (FE).  Animal intake and fecal collection are analyzed 
for energy and digestible energy is calculated (DE)= IE- FE. The animal’s digestive tract 
has a lower proportion of endogenous losses which are excreted with the feces. Thus, 
apparent digestible energy is not a true measurement of the digestibility. In poultry, 




form urine. Therefore, digestible energy is not an applicable measure for poultry (NRC, 
1994).  
1.4.1.3 Metabolizable energy 
Metabolizable energy (ME) is the difference between energy intake (IE) and the 
energy which is lost in the fecal (FE), urine (UE) and gasses (GE).  Poultry don’t produce 
much endogenous gasses, thus it is not corrected for GE. MEcan also be corrected for 
nitrogen retention, which is termed nitrogen corrected ME (MEn), and is commonly used 
in poultry. A constant of 8.22 kcal/g is used for nitrogen correction. Methane is the major 
gas produce in ruminant and non-ruminant animals. Some other gasses like hydrogen, 
carbon monoxide, acetone, ethane, and hydrogen sulfide are also produced in trace 
amounts in animals (Church and Pond, 1995). 
1.4.1.4 True Metabolizable Energy 
True metabolizable energy (TME) is the gross energy intake minus the gross 
energy of the feed. TME is corrected for nitrogen retention and gives a true nitrogen 
corrected metabolizable energy (TMEn). For the determination of TME, a fasted bird 
assay is used.  Sibbald (1976) suggested the following formula for TME determination.  
TME (kcal/g feed) = (E.X)-(Yef-Yec) /X 
In the above formula E is the gross energy intake on Kcal/g , X is the weight of feed in 
grams, Yef is the amount of energy lost in the excreta by the fed bird and Yec is the 





1.4.1.5 Net Energy 
Net energy (NE) is the difference between metabolizable energy and the energy 
which lost as the heat increment. Heat increment is the amount of heat produced with 
feed consumption in a thermo-neutral environment. Net energy is used for maintenance 
and production. There is no absolute value of net energy for each feedstuff, thus net 
energy is not commonly used in poultry (NRC, 1994). 
1.5 Methods of Energy Evaluation in Poultry 
In poultry, the most commonly used and acceptable measurement for energy 
evaluation of feedstuff and diet is metabolizable energy (ME) or apparent metabolizable 
energy (AME). Metabolizable energy is determined with the measurement of feed intake 
and excreta output or by using dietary marker and finding the dry matter intake and 
output ratio. Two methods which are used frequently for ME determination (substituting 
of the test ingredient with the control diet) are described by Anderson et al. (1958) and 
Sibbald and Slinger (1963). Anderson et al. (1958) used to substitute the test ingredient 
for glucose but Sibbald and Singer (1963) substituted the test ingredient for all energy 
source ingredients of the basal diet. Anderson (1958) projected a standard of 3.5 kcal/g 
for glucose, and used 50 percent of glucose in the basal diet. This method is used broadly 
in the nitrogen corrected ME (MEn) determination (NRC. 1994).  
Sibbald and Slinger (1963) substituted the test ingredient for a part of the basal 
diet and left the other part of mineral and vitamins to avoid these deficiencies.  Two basal 
diets with different protein levels were used to get the acceptable protein range for 
substituted diets. This method has an advantage of determination of MEn for both basal 




ingredients substitution. In the extrapolation of MEn, the test ingredient is multiplied by 
100 and then divided by percent of test ingredient to determine the error of test ingredient. 
Potter et al. (1960) suggested a linear regression method for MEn calculation. This 
method, is criticized because extrapolation is used for estimation of MEn beyond the 
range of the data (NRC. 1994). 
True metabolizable energy (TME) is commonly used for measuring energy in 
poultry. In the determination of TME, metabolizable energy is corrected for metabolic 
fecal, endogenous and urinary energy. This method is quick and uses a 48 hour excreta 
collection, thus there is no need for feeding several basal diets. The TME method is 
criticized and assumes that fecal and urinary endogenous energy is constant and it is not 
related to feed intake. Some data has shown that metabolic and endogenous energy 
excretion is related to the amount and passage rate of ingredients from the intestinal tract 
(Farrell et al., 1991).  TME determination is also criticized for force feeding and 
depriving of birds of feed.  TME should be corrected for nitrogen during an assay period. 
If birds are retaining nitrogen there will be less urinary nitrogen in the excreta and less 
energy will be excreted compared to an animal which is not retaining nitrogen. Nitrogen 
correction is necessary because it depends on the age and species of animal. Some 
researchers have stated that if nitrogen is not retained it will appear as uric acid, thus it 
should be corrected for 8.22 kcal/g of nitrogen retained (Hill and Aderson, 1958).   An 
amount of8.22 kcal/g is the amount of energy obtained from total oxidation of one gram 
of uric acid. But, this suggestion is also criticized, as Coulson and Hughes (1930) 





Some other researchers have criticized the correction of ME for nitrogen and state 
that it is extra work and does not improve the ME values (Sibbald and Slinger, 1963). 
Potter (1972), proposed that when MEn is determined for a single diet with birds various 
of ages, it is necessary to make correction for zero nitrogen retention because of 
differences in protein catabolism rate.  
1.6 Energy Estimation from Feed Ingredients 
Attempts have been made to estimate energy values of feedstuff from its chemical 
composition. Some researchers have developed prediction equations to estimate feed 
energy values.  These proximate analyses were also used to estimate the nutritional 
values of feed ingredients.  The metabolizable energy of feedstuffs was determined 
(Fraps et al., 1940) from its digestible crude protein, nitrogen-free extract, and ether 
extracts values. Other researchers (Titus, 1955; Titus and Fritz, 1971) used this concept 
and found the percentage multiplier for the ME calculation for different feed ingredients.  
Janssen et al. (1971) used multiple regression equations and estimated MEn values from 
the chemical composition of feed ingredients. Several equations were also developed by 
European Federation of the World’s Poultry Science Association (1989) to estimate 
energy values of feed ingredients. Some other researchers, (Hariss et al., 1972; 
Sibbald,1975,1982; Eeckhout and Moermans, 1981; Fisher, 1982; Just et al., 1984 ) also 
developed equations to estimate the ME of various feed ingredients. NRC (1994) 
reported that there is no perfect or recommended equation for estimation of ME from the 
chemical composition of feed ingredients. But users can use a procedure or equation that 





1.7 Proteins and Amino Acids 
Structural units of protein are amino acids. Two amino acids come together they 
make a dipeptide, three make a tripeptide, and more than three make polypeptides. Poly-
peptide chains link together and make protein.  Proteins are important for transportation 
of molecules, the immune system, transmission of nerve impulses, growth, and storage of 
other molecules (Berget al.,2002).  
In poultry, amino acids are classified by two groups of indispensable or essential, 
and dispensable or nonessential. Indispensable amino acids are not synthesized or 
synthesized insufficient quantities in bird tissue. Therefore, these amino acids must be 
added to the diet. Indispensable amino acids are lysine, threonine, methionine, tryptophan, 
arginine, histidine, leucine, isoleucine, valine, and phenylalanine.  Dispensable amino 
acids are those which can be synthesized by bird tissue and there is no need for adding 
them into the diet. These amino acids are glycine, cystine, serine, proline, alanine, 
glutamic acid, aspartic acid, and tyrosine (D’ Mello, 1979).  
1.7.1 Amino acid digestibility 
The disappearance of amino acids from the digestive system is termed 
digestibility. Protein digestion starts with gastricintra-luminal hydrolysis. Peptidases are 
secreted from the stomach and pancreas, and digestion take place near the brush border of 
small intestines. Proteins are hydrolyzedinto tripeptides, dipeptides, and free amino acids 
which can be absorbed by animal tissues.  
The bioavailability of an amino acid is the amount of amino acids that is digested, 
absorbed, and present for the metabolic function of the animal (Sauer et al., 




amino acids are the difference between input and output, which is measured 
experimentally.  
Apparent Amino Acid Digestibility = 
 
In the above equation, amino acid digestibility can also refer to apparent amino 
acid digestibility, because there are amino acids in excreta which are not only from 
undigested feed residues but also from unabsorbed feed, digestive secretions, gut tissue 
and bacteria. Therefore, if we want to find the true amino acid digestibility, correction 
should be made for both diet dependent and basal amino acid losses.  
 
True Amino Acid Digestibility % = 
 
In the above equation, AAI stand for amino acid input, AAO is the amino acid output and 
ENo is the total endogenous losses, which encompasses both the basal and diet dependent 
losses. Furthermore, if only the basal endogenous losses are accounted for, then the term 
standardized amino acid digestibility is utilized (Harris, 1996). 
 
Standardized AA Digestibility%=   
 
For ileal amino acid digestibility, samples are collected from the entire or lower 1/2 to 
2/3of the ileum (section between Meckel’s diverticulum and about 2 cm anterior to the 
ileo-cecal-colonic junction), flushed into a clean plastic container, and pooled within cage 
and stored at -20 C until freeze-dried (Adedokun et al,. 2012).   
Amino acid input- Amino acid output 
             Amino acid output 
              AAI- (AAO-ENo) 
                        AA I                               
 
        AA I - (AAO- Basal ENo)  








1.7.2 Endogenous Amino acid losses 
Excess protein or amino acids in the diet results in increased N, which is excreted 
in the form of uric acid, ammonia and urea (Goldstein and Skadhauge,2000).  Groot 
Joerkamp (1994) reported that the major sources of N in the excreta are (70%)uric acid 
and (30%) undigested protein, and the endogenous amino acids (EAA) that are not 
reabsorbed also contribute to N and amino acid excretion. Several factors can affect the 
availability of dietary amino acids like the birds’ age, processing temperature of 
ingredients, level of dietary CP and some other anti-nutritional factors (Batal and Parsons, 
2003; Fasina et al., 2004). Hee et al. (1988) reported that endogenous amino acidcan 
originate from digestive secretions (saliva, gastric, bile, and pancreatic secretion), 
sloughed intestinal epithelial cells, muco-proteins, serum albumin and amides. Glutamic 
acid, asparticacid, serine and threonine are the predominant amino acids of endogenous 
amino acids (Chung and Baker, 1992: Adedokun et al., 2007b) and Adedokun et al. 
(2007b) also reported that these 4 amino acids represent 34% and 33% at d 7 and 21 
respectively, of total amino acid flow in the broiler chicken fed nitrogen-free diets.  
Endogenous losses can be divided by basal or diet- independent and specific or diet-
dependent (Nyachoti et al., 1997; Jansman et al., 2002; Stein et al., 2007). The basal, or 
diet independent, endogenous amino acids represent the amino acids lost which are not 
related to diet and the specific or diet dependent portion is that which is related to the diet 
and influence the gastrointestinal tract (GIT) and the quantity of amino acids secretion.  
A number of approaches have been used for determining endogenous amino acid 
flow.  These methods include, feeding a nitrogen-free diet (NFD), regression method, 




digestible protein, using isotope markers, and homoarginine method using guanidination 
reaction (Ravindran,et al  2004; Lemme, et al.,2004; Adeola,2001; Siriwan et al., 1994; 
Adedokun et al., 2012).  
Each method has its strength and weakness but the feeding a nitrogen-free diet 
method is used commonly, and it is a direct approach to estimate endogenous amino acid 
losses. In this method, birds are fed a protein or nitrogen-free diet and digesta is collected 
for nitrogen and amino acid analyses.  Any amino acid obtained from the digesta 
measurement is from the endogenous origin. The weakness of this method is that the 
measurement of nitrogen occurs under an abnormal physiological condition. Another 
concern is the squeezing and flushing of ileal digesta which can also affect the amount of 
endogenous losses. Ravindran et al.(2004) reported that the protein-free diet method 
underestimates endogenous losses compared to other methods.  
In the regression method, birds get different levels of protein, and amino acid 
concentrations are measured from the digesta. The linear relationship between digested 
and dietary amino acid get measured and endogenous losses are estimated from the intake 
to the zero extrapolation of dietary protein. Ruther et al. (2004) reported that this method 
decreases the intra- and inter-laboratory variation.  
In the enzymatic hydrolyzed casein method, a highly digestible protein like 
enzyme hydrolyzed casein is fed to the animal which has lower molecular weight than 
10kDa. Unabsorbed dietary amino acids are separated from endogenous losses which has 
higher molecular weight than 10KDa. Casein is a completely digestible protein and 




from the digesta collection are from the endogenous origin. Compared to other methods, 
this method estimates higher endogenous losses (Hodgkinson et al., 2003).  
Furthermore, across the species (poultry, pig, and rats) and poultry (broilers, 
rooster and laying hens), and different methods of determining endogenous amino acids 
(nitrogen-free diet, high dietary protein, enzyme hydrolyzed casein, and guanidination 
methods), there were no differences in the predominant endogenous amino acids 
(Adedokunet al., 2007a; Hodgkinson et al., 2003; Ravindran and Hendriks, 2004). From 
these findings it seems that neither method of estimating dietary amino acids 
concentration impacts the order of predominant amino acids of endogenous origin.   
1.7.3 Amino acid absorption 
Protein is digested near the brush border of the small intestine, peptides and free 
amino acid cross the brush border and enter to the enterocytes. The brush border has 
enzymes like, endopeptidases, aminopeptidases, carboxypeptidases, and dipeptidases, 
which work, together with the pancreatic enzymes, to digest peptides. Enterocytes also 
have enzymes which digest the absorbed di-and tripeptides. Alarge amount of amino acid 
digestion and absorption occur in the small intestines. But, the percent of digestion and 
absorption are different along the small intestines. The proximal part of the small 
intestines is more active in absorption of small peptides, and the distal portion in free 
amino acids (Ganapathy et al., 1994). 
The brush border membrane has several transport systems for amino acids and 
small peptide transport. These systems depend on the size, charge, physical and chemical 
properties of the amino acids. These transport systems include: aneutral system which 




and cysteine, an acidic system, which transport proline, hydroxyproline, and glycine; and 
a beta amino acid system which transports taurine (Johnson, 2013). 
The transport mechanisms for di-and tripepteides are the same as amino acids but 
they have different transport systems. PEPT1 is the major transporter of neutral, acidic, 
and basic di-and tripeptides. Peptides are hydrolyzed into free amino acids by peptidase 
in the enterocytes. Amino acids in the enerocytes degrade and cross the basolateral 
membrane and enter the portal system (Ganapathy et al., 1994). 
1.7.4 Factors Affects Amino Acid utilization 
Amino acid utilization is affected by several factors.  These factors include 
environmental temperature, age, sex, immunological stress, species, and dietary factors. 
Some of these factors affect amino acid utilization and others influence feed intake (D’ 
Mello, 1979). March and Biely (1972) compared lysine utilization in two temperatures 
(20 and 31.1C) and mentioned that high temperatures decreases lysine utilization. They 
reported that this decrease was due to the low feed intake of chicken in high temperature 
(31.1C). Hurwitz et al. (1980) reported that ambient temperature can also affect feed 
intake in poultry. Required amino acids for poultry kept in the temperature between 18 to 
24° C, ambient temperatures higher than this range can reduce feed intake (NRC, 1994).   
Furthermore, Thomas et al. (1977) discussed the effects of sex on amino acid 
utilization. Thomas et al. (1977) compared the responses of male and female broiler to 
lysine concentration and developed two regression lines for lysine requirements. They 
concluded that 600 mg lysine supports similar amounts of growth in both male and 





Furthermore, Adedokun et al.(2008) reported that apparent ileal amino acid 
digestibility increased with age from 5 to 21d for all the feed ingredients including  
soybean meal, corn, canola meal, light and dark DDGS. They also reported that after 
standardization, SIAAD were increased with age from 5 to 21d only for DDGS and corn 
but not for soybean meal in the broiler chickens. They used two methods for 
standardization of endogenous amino acid flow (N-free diet and high digestible protein 
diet), and for all the ingredients there were no difference in SIAAD values for both 
methods at 5 d of age. Adedokun et al. (2008) also mentioned that in the turkey poults the 
apparent ileal amino acid digestibility values were increased with age for all feed 
ingredients except for dark DDGS and canola meal. After standardization, the age effect 
was not seen and there were no differences for SIAAD values for all ingredients 5 and 21 
d of age except for corn. Both methods of standardization had similar values of amino 
acid digestibility for all diets except for corn, which had higher SIAAD values for 11 
amino acids using the NFD method.    
 
1.8 Gastrointestinal development in broilers and turkey poults 
Gastrointestinal tract (GIT) development during the incubation period. 
Researchers reported that in chickens and in turkeys, gizzard, proventriculus and small 
intestine weight increase more rapidly compared to other organs and tissues (Noy and 
Sklan, 1997).In poults, the rate of growth is maximal from 4 to 6 d and then begins to 
decrease after 10 d of age. In chicks, this increased in rate of growth occurs somewhat 
earlier at 3 to 8 d of age. The small intestine increases in diameter and length until the age 




5 fold and in the size of the plicae (internal folds). After hatching, the major increase in 
growth occurs in the volume of villus in the duodenal portion by 4 d of age. Compared to 
the duodenum, the jejunum and ileum villus volume increases until 10 d of age. The 
depth of the crypts increases in the duodenum and jejunum until 10 to 12 d of age, the 
primary site of enterocyte proliferation.  
Sell (1996) reported that tissue, organ and GIT development by the time of 
hatching is not fully mature. Due to the immature GIT at hatching, digestion and 
absorption becomes the limiting factor in bird growth during the early post-hatching 
period.  Some studies have reported that there is a rapid increase in GIT mass but key 
segments are still immature until 6 to 10 d of age in broiler chickens and turkey poults. 
Table 1.2 shows the changes in the weights of GIT components with age in broiler 
chicken and in turkey poults. Nir et al. (1993) reported that in broiler chicks, the pancreas 
and small intestinal enzymes are low at hatching, but amylase activity of the pancreas 
increases three-fold from 1 to 10 d of age, and trypsin and lipase activities increases five-
to-six fold during this same time. Nistan et al.(1991) concurred with these results and 
mentioned that at hatching time, the pancreas is immature but undergoes repaid 
maturation. Sell et al. (1991) and Escribano et al. (1988) reported that in turkey poults, 
pancreatic enzyme activities follow similar patterns as chicks.  Siddons (1969) reported 
that jejunal maltase activities were less in 1-d-old chicks compared to 8 d of age. Sell et 
al. (1989) reported that in turkey poults, jejunal maltase and sucrase activities were low at 
1d of age and increased by 8 d of agebut were lower than chicks which were reported by 





Table 1.2. Change in the weight of (gastro intestinal tract) GIT components with age in 
chicks and turkey poults during post hatching development (Sell, 1996) 
   Type of 
Poultry 
GIT 
Components Percentage of body weight 
Post hatching 
time at peak 






Proventriculus 0.5 to 0.9 1.4 to 1.7 3 to 5 
Gizzard 3.1 to 4.0 5.8 to 6.1 3 to 4 
Small intestine 1.2 to 2.6 6.2 to 6.6 5 to 7 
Pancreas 0.1 to 2.6 0.5 to 0.8 8 to 9 
Liver 0.1 to 0.2 3.8 to 4.8 6 to 8 
Turkeys 
Proventriculus 0.55 1.15 8 
Gizzard 3.3 to 3.6 4.3 to 4.4 5 to 6 
Small intestine 1.5 7.0 6 
Pancreas 0.12 to 0.16 0.41 to 0.44 6 

















In conclusion, soybean products in poultry diets have important roles. Soybean 
products are a good source of energy and protein. All soybean products have some anti-
nutritional factors, which are dependent on their processing and genetics. Soybean meal 
and soybean protein concentrate are two important ingredients in animal diets which 
contain different quantities of these anti-nutritional factors. 
In addition, Adolph and Kao (1934) reported that soybean meal, which contains a 
high proportion of non-starch polysaccharides, is poorly digested in poultry.  Therefore, 
pre-starter or starter diets containing a high proportion of soybean meal may not provide 
the amount of calculated energy and may suppress early growth. Batal and Parsons, 
(2002) reported that, with traditional corn/SBM diets, broilers are able to get more energy 
at the older age of 21 d versus that at d7.  
The primary hypothesis of this research, therefore is that partial replacement of 
SBM (48% CP) in broiler chicks and turkey poults diets with soy protein concentrate 
(SPC) would improve energy and amino acid utilization by the broiler chicks and turkey 
poults, especially during the first week of life. This thesis will illustrate whether partial 
replacement of SPC can improve energy utilization and amino acid digestibility at a 
younger age (7d of age) when the GIT is less mature versus an older age (21d of age). 
We will also focus on apparent and standardized amino acid digestibility of SPC at both 
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CHAPTER 2. EVALUATION OF NUTRITIONAL TRAITS OF SOY 
PROTEIN CONCENTRATE (SPC) FOR BROILER CHICKS 
2.1 Abstract 
The objective of this study was to determine the apparent metabolizable energy 
(AME) of soy protein concentrate (SPC) and standardized ileal amino acid digestibility 
(SIAAD) of SPC and dehulled soybean meal (SBM) (each ingredient was the only source 
of amino acid in the semi-purified diets) in 7-and 21-d-old broiler chicks. Two 
experiments (Exp 1 and 2) were conducted with 6 replicate cages of 20 (d 7) and 6 (d 21) 
birds/cage. In Exp.1, experimental diets containing 0, 7, 14, and 21% of SPC replaced the 
energy contributing ingredients in the diet. Excreta were collected from d 5 to 7 and d 19 
to 21. In Exp. 2, two semi-purified diets were formulated to contain 20% CP. 
Experimental diets were fed for 5 d (d 2 to 7) and (d 16 to 21) and ileal digesta was 
collected on d 7 and 21. In Exp.1, increasing dietary SPC had no effect on AME or 
nitrogen-corrected AME (AMEn) at 7 d of age. However, increasing SPC linearly 
improved AME (P=0.002) and AMEn (P=0.019) at 21 d. The AME and AMEn for SPC 
containing diets based on linear regression was 2,784 and 2,622 kcal/kg at 7 and 3,676 
and 3,473 kcal/kg at 21 d, respectively.   In Exp. 2, apparent DM and N digestibility for 
SPC and SBM based diet increased (P=0.0001) from d 7 to 21. There was a soy source by 
age interaction (P<0.05) for SIAAD, where SBM digestibility increased only slightly 




had a much higher AME and AMEn than that published values for SBM, and SBM has a 
slightly higher SIAAD (%of amino acid) compared to SPC. Additionally, the efficiency 
of DM, N, and amino acid digestibility was substantially less at 7 versus 21 d of age. 
Nevertheless, SPC has considerably higher energy and amino acid density than SBM. 
Key words: broiler chick, metabolizable energy, soybean meal, soybean protein 





Soybean products are an important source of dietary protein and energy in poultry. 
Some researchers have reported that the heat processing can improve the nutritive value 
of soybean products by destroying some of its anti-nutritional factors (Balloun, 1980). 
The anti-nutritional factors of soybean products depend on their processing and genetic 
characteristics. These anti-nutritional factors can be divided into heat labile and heat 
stable. The heat labile anti-nutritional factors can be decreased by heat processing and 
heat stable are resistant to heat treatment. Some anti-nutritional factors, like protease 
inhibitors, can disrupt protein digestion and causes hypertrophy of the pancreas. Luckily, 
heat treatment can help to reduce these protease inhibitors and reduce its damage. Among 
the heat stable anti-nutritional factors in soy lectins are glycoproteins which bind to small 
intestinal epithelium and caused growth depressed and damaging impacts on intestinal 
entrocytes (Pustzai et al., 1979).  Coon et al. (1990) reported that oligosaccharides, like 
stachyose and raffinose, are among the primary anti-nutritional factors of soybean meal 
which impact energy utilization in poultry.  Person et al. (1980) also reported that 
soybean meals are poorly digested due to its oligosaccharide portion, and it has lower 
metabolizable energy compare to gross energy.  
Furthermore, removal of this oligosaccharide fraction with ethanol extraction can 
improve its TMEn and decrease the digesta passage rate (Coon et al., 1990). Gitzelman 
and Aurichio (1965) reported that poultry do not have the enzymes to break α- (1,6) 
galactosides bond of the oligosaccharides, and feeding exogenous α- (1,6) galactosidase 
also did not improve the metabolizable energy of SBM (Irsih et al., 1993). Thus, higher 




rate, decreased TMEn, and cause leg and feet disorders (Wiggins, 1984; Leske, 1991).  
Leske et al. (1993) reported that addition of raffinose and stachyose to a SPC diet can 
significantly decrease TMEn values in the Leghorn rooster. 
Moreover, the nutritional value of soy can not only be improved through 
processing, but also through genetic selection (Parsons et al., 2000; Baker et al., 2011). 
At the University of Illinois, new varieties of soybean have been developed which have 
reduced trypsin inhibitor and lectin components (Bernard and Nelson, 1996). Studies 
have shown that these low trypsin inhibitor and lectin varieties are nutritionally superior 
to other raw conventional soybean varieties (Han and Parsons, 1991). Douglas et al. 
(1999) reported that in the chicken, about 15% of growth depression is associated with 
lectins. These authors noted that the nutritional value of lectin-free soybean is higher than 
that of conventional soybean and trypsin inhibitors are greater anti-nutritional factor than 
lectins.   
Additionally, Chen et al. (2013) reported that genetically reduced oligosaccharide 
SBM (SBM-RO) had greater TMEn values (about 200 kcal/kg) compared to conventional 
soybean meal (CSBM), but they didn’t find any difference between standardized ileal 
amino acid digestibility of CSBM and SBM-RO. Parsons et al. (2000) obtained similar 
results from genetically selected low oligosaccharide (LOSBM) compared to 
conventional soybean meal (CSBM), and mentioned that LOSBM has higher TMEn than 
the CSBM. Perryman and Dozier (2012) also found that genetically reduced 
oligosaccharide soybean had higher nitrogen corrected apparent metabolizable energy 




Nevertheless, there is a huge difference between the anti-nutritional factors of 
different soybean products. For example, soybean meal has about 15% and soybean 
protein concentrate has less than 1% of oligosaccharide (Peisker, 2001). There are also 
difference between SBM and SPC in trypsin inhibitors, lectins and crude protein. Soy 
protein concentrate and isolate (SPI) have not been much used in poultry feeding due to 
the high expense. But in human nutrition, it has significant dietary importance and has 
been implicated in cancer prevention (Bennink, 2001: Linz et al., 2004) and prevention of 
some other diseases, like degenerative changes in the liver (Gudbrandsen et al., 2006). 
Thus, it is used as a value-added feed component in young animals. Sohn et al. (1994) 
reported that using SPC and SPI has the same value for 21 to 35 d-old pigs as milk and it 
could be substituted for it. Lenehen et al.(2007) reported that partial replacement of SPC 
with high-SBM (40%) diets significantly improves pig performance. Other studies have 
reported that the CP and amino acid digestibility of SPC and SPI were higher than SBM 
(Sohn et al., 1994: Grala et al., 1998).Batal and Parson (2003) reported that the BW of 
broiler chicken fed SPC and SPI containing diets were the same as those fed casein-based 
diet.  
Therefore, our primary research objective was to determine if apartial 
replacement of SBM (48% CP) in broiler diets with soy protein concentrate (SPC) would 
improve energy and amino acid utilization by the chick, especially during the first week 
of life and whether these differences persist at an older age (3 weeks) when the intestinal 





2.3 Material and Methods 
Two experiments were conducted to evaluate the nutritional value of SPC in 
broiler chicks.  Six replicates of 20 birds per replicate from 2 to 7 d and 6 birds per 
replicate from 16 to 21 d were used to determine the AME and ileal amino acid 
digestibility. Birds were fed standard commercial diets until the beginning of the 
experimental period. Each age comprised a separate group of birds from 2 to 7 and 16 to 
21 d of age. This study was similar to the approach for amino acid digestibility in 
different plant ingredients by Adedokun et al. (2008).In the first experiment, diets 
containing 0, 7, 14, and 21% of SPC replaced the energy contributing ingredients in the 
diet (Table 2.1). Soybean meal comprised 34.7, 31.9 and 29.1% of the total diet in diet B, 
C and D, respectively.  Chromic oxide added to each diet at 0.5% as an indigestible 
marker and all diets were analyzed for DM, gross energy, nitrogen, and chromium.  
Excreta were partially collected from 5 to 7 and 19 to 21 d of age, freeze- dried and was 
analyzed for, DM, gross energy, nitrogen, and chromium. Diets were also analyzed for 
DM, N, gross energy, chromium, stachyose, raffinose, sucrose, ADF, and NDF. Samples 
were analyzed for gross energy with bomb calorimetry (model 6300, Parr Instruments, 
Moline, IL), dry matter (method 934.01; AOAC International, 2006), nitrogen (method 
990.03; AOAC International, 2006),chromium (method 990.08; AOACInternational, 
2006) at Purdue University andsucrose, stachyose, raffinose (Janauer and Englmaier, 
1978), acid detergent fiber (method 973.18; AOAC International, 2006), and neutral 
detergent fiber (Holst, 1973) samples were analyzed at the University of Missouri 




Analyzed results included apparent metabolizable energy and nitrogen-corrected 
metabolizable energy (AME and AMEn), as well as apparent N and DM retention. 
Replacements of the energy contributing ingredients (corn, SBM, and soy oil) were used 
as slope response determination of AME and AMEn. Birds were individually weighed 
and placed into blocks. Each block had a full complement of treatments and regression 
across SPC intake was used to generate a replicated slope values within each block for 
SPC intake versus measured AME and AMEn as was previously described by (Adeola 
and Ileleji, 2009). 
In the second experiment, two semi-purified diets of SPC (60%CP), and SBM(48% 
CP) were used and had 0.5% chromic oxide as a digestible marker (Table 2.2).A 5 d 
study was conducted from 2 to 7 and 19 to 21 d of age, and birds were euthanized with 
CO2 gas at the end of both ages. The experimental ingredient (SPC or SBM) was 
incorporated into a semi-purified diet with the ingredient as the sole-source of amino 
acids in the diet and formulated to comprise the majority of the ingredient composition 
(with the exception of limestone, monocalcium phosphate, chromic oxide and 
vitamin/mineral premix) for a formulated 20% CP. This resulted in the semi-purified diet 
containing SPC comprising 31% of the diet while the semi-purified diet containing SBM 
comprised 41.9% of the diet. Diets were analyzed for dry matter (method 93.01; AOAC 
International, 2006), and nitrogen (method 990.03; AOAC International, 2006), 
Chromium was determined by the inductively coupled plasma atomic emission 
spectroscopy (method 990.08; AOAC International, 2006), and energy with bomb 
calorimeter (model 6300, Parr Instrument, Moline, IL), and amino acid profile (method 




(from meckel’s diverticulum to 1cm proximal the ileo-cecal junction) were collected 
from entire cage of birds and pooled by cage, freeze-dried, and analyzed for dry matter, 
chromium, nitrogen, and amino acids for subsequent calculation of apparent and 
standardized amino acid digestibility for each ingredient. 
 Apparent ileal AA digestibility (AIAAD) and standardized ileal AA digestibility 
(SIAAD) were subsequently calculated. Historical data for endogenous amino acid 
digestibility from birds fed a nitrogen-free diet (NFD) was used for calculation 
standardization of amino acid digestibility (Adedokun et al., 2011). Age-specific 
endogenous amino acid flow was utilized for standardization at 7 and 21 d of age. Across 
all studies, standardized (calculated from the endogenous correction diet) and apparent 
amino acid digestiblities were determined utilizing the chromic oxide index. 
2.4 Calculations 
The apparent ileal digestibility of dry matter, ileal endogenous nitrogen and amino 
acid flow we used the following formulas. 
AID % = [1-(Cri/Cro) × (No/Ni)]× 100 
AIAAD% = [1-(Cri/Cro) × (AA digesta/ AA diet)] × 100 
In the above formula, Cri is the intake concentration of chromium in the diet grams per 
kilogram of dry matter. Cro is the output concentration of chromium grams per kilogram 
of dry matter in the digesta. No and Ni is the concentration of DM, N, and amino acid in 
the ileal digesta and diet milligrams per kilogram of DM, respectively. Furthermore, for 
the standardized amino acid digestibility AME and nitrogen corrected apparent 






Standardized AA Digestibility (%) = 
 
AME = (GE intake- GE excreted)/ feed intake 
AMEn = (GE intake-GE excreted)- [8,200×(N intake- N excreted)] / feed intake 
In the above equation, AAI is the amino acid intake, AAO is the amino acid output 
in the digesta and Basal ENo is the endogenous losses of amino acid. Difference between 
apparent and standardized digestibility is that, in standardized digestibility amino acid 
intake is correcting for basal endogenous losses. Additionally, for the AMEn dietary 
treatment were calculated using, the 8.22 kcal/gr as the correction factor for nitrogen 
(Hill and Anderson, 1958) and this equation was first used by (Sibbald and Slinger ,1963) 
with the unit of [AMEn kcal/kg); N intake (kg); N excreted (kg) and  feed intake (kg).  
 
2.5 Statistical Analysis 
Data for both energy and AA digestibility studies were analyzed using the GLM 
procedure of SAS (SAS Institute, Cary, NC) in a randomized complete block design.  
Least significance difference test was used for determination of differences among 
individual treatment means and P-value≤0.05 was considered as significant differences 
between means. The test ingredient associated with AME or AMEn in kilocalories was 
regressed against kilogram of the test ingredient intake for cage of birds was conducted 
using multiple regressions. The SAS statements: Proc GLM; Class TI; Model Y= TI* 
DMintake/solution; the solution option was used to generate the intercept and slopes for 
each replicate block of cages.   
AA I - (AAO- Basal ENo)  







2.6.1 Experiment 1 – determination of energy utilization 
In this study we replaced SBM, corn, and soy oil with SPC, and the replacement 
was 0, 7, 14, and 21 % of the total diet. Diet composition for metabolizable energy 
evaluation study (EXP.1) is reported in Table 2.1. Diets A, B, C, and D had 4052, 4014, 
4114, and 4106 kcal/kg energy, and 20.93, 25.81, 27.31, and 30.50% CP, respectively. 
Soybean meals comprised 37.48, 34.70, 31.92, and 29.13% of the total diet. With 
replacement of SPC there was decreased in the oligosaccharide fraction of the diet. 
Raffinose and stachyose values were 3.46, 3.13, 2.98, 2.65% and 0.49, 0.44, 0.42, 0.36% 
for diet A, B, C and D, respectively. Diet composition for the amino acid digestibility 
study (EXP.2) is reported in Table 2.2 and 2.3.Semi- purified diets were used with SPC 
or SBM as sole-source of amino acids in the diets. Diets contained 0.5% chromic oxide 
as the digestible marker (as a premix at a 1:2 with corn starch) and SPC comprised 31% 
of the total diet and SBM about 41.9%.   
The resulting energy utilization (AME and AMEn) are reported in Table 2.4. The 
result shows that with increasing SPC and decreased SBM, there were no significant 
differences (P=0.38) in AME at d 7 for all diets and linear responses were also not 
significant (P=0.38). However at 21d, AME linearly increased with increasing SPC 
(P=0.0019).  Furthermore, no significant differences in AMEn were noted at 7 or 21 d of 
age.  Quadratic responses were also not significant for AME and AMEn at both ages. 
When statistical regression was applied to SPC, there was a general 24% improvement in 




containing diets based on linear regression was 2,784 and 2,622 at 7 and 3,676 and 3,473 
at 21 d, respectively (Table 2.5).  
2.6.2 Experiment 2 – Determination of ingredient dry matter, nitrogen, and amino 
acid digestibility 
In this experiment, two semi-purified diets were formulated to 20% crude protein, 
either with SPC or SBM as the sole source of protein in the diet. The resulting dry mater 
and nitrogen digestibility are reported in Table 2.6.  Dry matter apparent digestibility was 
improved from d 7 to 21 and there were significant differences (P=0.0001) between these 
two ages. Diets were also significantly (P=0.013) different from each other. In both 
ages,d7 and 21 SBM had a higher DM digestibility compared to SPC.  Dry matter 
digestibility was improved for both diets from 7 to 21 d of age. However, this 
improvement was much greater for SPC (47%) than for SBM (14%). Nitrogen 
digestibility were different between ages (P=0.0001) and diets (P=0.0001). Soybean meal 
had a higher nitrogen digestibility, which was improved for both diets from 7 to 21 d of 
age. The greater improvement was for SPC 37.13% compared to SBM (11.73%).  
The apparent and standardized amino acid digestibility for SPC versus SBM is 
presented in Table 2.7 and 2.8, respectively. Notably, the difference between the two 
(apparent and standardized) values is that, the standardized value was corrected for amino 
acid losses due to basal endogenous amino acid flow. This flow varies considerably 
between the first week of life and older ages (Adedokun et al., 2008). Thus, age-specific 
values are more appropriate for standardization, and standardized amino acid digestibility 




The apparent amino acid digestibility was significantly different (P<0.05) 
between the two ages (d 7 and 21), and between (P<0.05) diets, and there was a 
significant age by diet interaction (P<0.05). In both ages (d 7 and 21) SBM had higher 
amino acid digestibility than SPC. There was an improvement between 7 to 21d of age in 
amino acid digestibility and the improvements were higher for SPC than SBM. In other 
words, SBM showed small to no improvements between 7 and 21 d of age, whereas SPC 
showed very dramatic increases in digestibility between the two ages.  Additionally, SPC 
amino acid (and protein) seemed much less digestible than that of SBM at the younger 
age, but had comparable digestiblities by 3 wk of age. 
Standardized amino acid digestibility was significantly different (P<0.05) 
between SPC and SBM, and there were also significant differences (P<0.05) between 7 
and 21d of age. The age by diet interaction were significant (P<0.05) for all amino acids. 
Soybean meal had a higher amino acid digestibility compare to SPC at both ages. There 
were improvements with age where was higher for SPC compared to SBM. From the 
results of apparent and standardized amino acid digestibility it seemed that the broiler 
chicken was not good in utilizing SPC at the younger age. Thus, it appears that there may 
be portions of the fiber/non-starch polysaccharide matrix and/or the protein itself that 
negatively affects the young broiler. Concentrating the protein in SPC did not ameliorate 









Soybean meal has low metabolizable energy as a proportion of gross energy, 
largely due to the poor digestibility of its carbohydrate portion (Peirson et al,1980; Coon 
et al.,1990).  Coon et al. (1990) reported that this low energy utilization is from the high 
amount of oligosaccharide (stachyose and raffinose) in the soybean meal.  These 
oligosaccharides cannot be digested by the small intestines of poultry due to the lack of 
α-(1,6)-galactosidase (Gitzelmann and Auricchio, 1965). Undigested oligosaccharides 
like stachyose and raffinose can cause diarrhea, increase the digesta passage rate and 
reduce the digestion and absorption of nutrients (Kuriayama and Mendel, 1917; Wiggins, 
1984; Coon et al., 1990). Leske et al. (1993) reported that addition of raffinose and 
stachyose to the SPC diet can significantly decrease TMEn values in the leghorn rooster. 
Additionally, fiber and non-starch polysaccharides have important impacts on 
nutrient digestibility and manure volume.  Coon et al. (1990) reported that apparent 
digestibility of dehulled SBM is about 54% on a DM basis. If hulls are included, 
cellulose, hemicelluloses, stachyose and raffinose comprise 37% of the DM, which can’t 
be digested.  Malathi and Devegowada (2001) reported that cellulose and non-starch 
polysaccharides are about 5.75 and 29.02% of the SBM, respectively. If hulls are 
removed from SBM, it is still not well utilized by bird. Batal and parsons, (2002) found 
that there is improvement in corn/ SBM diet digestibility in older age.  Batal and Parsons 
(2003) reported that in broiler chicken digestibility varies between soybean products and 
there was also 13%improvement in digestibility from 7 to 21 d of age. They also 
mentioned that AME was improved with processing of soybean products from SBM to 




fraction of soybean products. It seemed that within the non-starch polysaccharide, 
oligosaccharide like stachyose, raffinose, processing and age of bird have an impact on 
the digestibility of soybean products’ energy.  
In addition, our results indicate that at the younger age of 7 d, there were no 
significant differences in AME and the linear response for improvement was also not 
significant. SPC replacement didn’t improve energy at d 7 and it’s appears that the broiler 
chicks didn’t utilize SPC replacement well at the younger age. However, at 21 d of age, 
there was a trend for AME and the linear response was significant. Batal and Parsons 
(2003) obtained similar results when using different soybean products like SPC, SPI and 
SBM. They reported that all three soybean products improved energy with age. In our 
study, the diet composition (Table 2.1) showed that with increasing SPC there was a 
decrease in the oligosaccharide (stachyose and raffinose) fraction of the diet. 
Improvement in AME is due to the decrease in these anti-nutritional factors.  Chen et al. 
(2013) reported that with reducing soy oligosaccharide in the diet through genetic 
selection, there was a significant improvement in TMEn. Peryman and Dozier (2012) also 
found that reduced oligosaccharide SBM increased AMEn values in the broiler chickens 
compared to conventional SBM and this increase was due to the decrease in raffinose and 
stachyose values of the reduced oligosaccharide diet. Parsons et al. (2000) agreed with 
this result, wherein five low oligosaccharides SBM had higher TMEn values compared to 
conventional soybean meal. Leske et al. (1993) also reported that addition of 
oligosaccharide (stachyose and raffinose) to the soy protein concentrate diet significantly 




Furthermore, in the amino acid digestibility study, two semi-purified diets of SPC 
and SBM were used, which were the only source of protein in the diet. Apparent amino 
digestibility for these two diets was significantly different between ages and diets. 
Soybean meal had higher amino acid digestibility for indispensable and dispensable 
amino acid at both ages. There were improvements between 7 to 21d of age in amino acid 
digestibility and the improvements were higher for SPC than SBM. Soybean meal 
showed small to no improvements between 7 and 21 d of age, whereas SPC showed very 
dramatic increases in digestibility between the two ages. Additionally, SPC amino acid or 
protein seemed much less digestible than that of SBM at the younger age, but comparably 
good in digestibility by 3 wks of age. Moreover, the standardized amino acid digestibility 
was significantly different between diets and ages.  Soybean meal had higher 
standardized amino acid digestibility for indispensable and dispensable amino acids at 
both ages, and it was improved from d 7 to 21. 
 Adedokun et al. (2008) used two (N-free diet, NFD, and a highly digestible 
protein diet containing 10% casein, HDP) in broiler chickens to determine ileal 
endogenous amino acid flow and reported that apparent ileal amino acid digestibility 
increased with age for all the feed ingredients(corn distiller dried grains with solubles, 
canola meal, corn and soybean meal). They also reported that SIAAD were only 
increased with age for DDGS and corn but not for soybean meal and canola meal after 
standardization. Chen et al. (2013) reported that there was no difference between reduced 
oligosaccharide SBM compared to conventional in indispensable amino acid except for 
Trp, but they found significant differences for Ala, Asp and Cys for dispensable AA, and 




conventional. Perryman and Dozier (2012) reported that apparent ileal AA digestibility 
was higher for dispensable and indispensable AA for conventional soybean meal 
compare to low oligosaccharides soybean meal (LOSBM), but the digestible amino acid 
concentration was higher for LOSBM. Batal and Parsons (2003) reported that AA 
digestibility for four diets (casein, SPI, SPC, and SBM) ranked from highest to lowest at 
the same age and it was improved with age. They also compared the AA digestibility of 
SPC, SPI and SBM and reported that AA digestibility of SPC and SPI were higher than 
SBM at both d14 and 21. Furthermore, they suggested that there are potential benefits 
from feeding SPC and SPI at first 1 to 3 wk of post-hatching, and under-processed 
soybean should not be used at very young ages in chickens.  Our study did not support 
this result for the broiler chicken, and we found that broilers were not able to utilize SPC 
amino acids very well compared to SBM at the younger age. However, it was comparably 
improved at the older age and that improvement was higher for SPC than SBM. Baker et 
al. (2011) reported that there were no differences in standardized amino acid digestibility 
among the 3 different diets of low protein, high protein and conventional soybean meal 
except for Lys in high protein soybean meal diet. Compared to our study results, there 
were significant differences between SPC and SBM diets for all amino acids and SBM 
standardized amino acid digestibility were higher than SPC.  Adedokun et al. (2008) did 
not note any improvement in SBM digestibility from 5 to 21 d of age. However, our 
results show that there were significant differences between d 7 to 21 in SBM and SPC 
digestibility.  
In addition, dry matter digestibility was significantly different between diets and 




matter digestibility was improved for both diets from 7 to 21 d. However, this 
improvement was much greater for SPC (47%) than for SBM (14%). Nitrogen 
digestibility was also different between age and diets. Soybean meal had higher nitrogen 
digestibility and it was improved for both diets from 7 to 21 d of age. Wherein the greater 
improvement was for SPC (37.1%) compared to SBM (11.7%).  
In conclusion, replacement of SPC in the corn/SBM diet did not improve energy 
utilization in the younger age of d 7 but there was significant improvement at the older 
age of d 21, in the broiler chicken.  Amino acid digestibility was higher for SBM 
compared to SPC in both ages, but the improvement between ages (7 to 21d) was higher 
for SPC. Additionally, SPC amino acid or protein seemed much less digestible than that 
of SBM at the younger age, but was comparable in digestibility at older age of 3 wks. 
This study’s results suggest SPC can effectively be used for broiler chicks at the older 
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Table 2.1. Diet composition for energy evaluation experiment.1  
   Diets  
Ingredient, % 
 
A B C D 
Corn  
 
53.36 49.40 45.44 41.48 
Soybean meal(48% CP) 
 
37.48 34.70 31.92 29.13 
Soy protein concentrate 
 
0.00 7.00 14.00 21.00 
Soy Oil 
 
3.47 3.21 2.95 2.69 
NaCl 
 
0.47 0.47 0.47 0.47 
DL Methionine 
 
0.25 0.25 0.25 0.25 
Threonine 
 
0.07 0.07 0.07 0.07 
Lysine HCl 
 
0.10 0.10 0.10 0.10 
Limestone 
 
1.65 1.65 1.65 1.66 
Monocalciumphosphorus 
 
1.31 1.31 1.31 1.31 
Vitamin mineral premix1 
 
0.34 0.34 0.34 0.34 
Chromic oxide premix2 
 
1.50 1.50 1.50 1.50 
Formulated nutrient content 
     Lysine 
 
1.33 - - - 
Thr 
 
0.91 - - - 
Met 
 
0.58 - - - 
Met+Cys 
 
0.96 - - - 
Ca 
 
0.99 - - - 
Non-phytate P 
 
0.42 - - - 
Analyzed nutrient content 
     GE,Kcal/kg 
 
4,052 4,014 4,114 4,106 
Sucrose,% 
 
3.46 3.13 2.98 2.65 
Raffinose,% 
 
0.49 0.44 0.42 0.36 
Stachyose,% 
 
2.03 1.74 1.67 1.38 
ADF,% 
 
3.29 3.83 4.30 5.07 
NDF,% 
 
7.27 7.68 10.19 10.10 
 
           1Vitamin/mineral premix supplied per kg of diet: vitamin A, 13,233 IU; vitamin D3, 6636 IU ; vitamin E, 
44.1 IU ; vitamin K, 4.5 mg; thiamine, 2.21mg; riboflavin, 6.6 mg; pantothenic acid, 24.3 mg; niacin, 
88.2mg; pyridoxine, 3.31 mg; folic acid, 1.10 mg; biotin, 0.33 mg; vitamin B12, 24.8 µg; choline, 669.8 mg; 
iron from ferrous sulfate, 50.1 mg; copper from copper sulfate, 7.7 mg; manganese from manganese oxide, 
125.1 mg; zinc from zinc oxide, 125.1 mg; iodine from ethylene diamine dihydroidide, 2.10 mg; selenium 
from sodium selenite, 0.25 mg. 





Table 2.2. Ingredient composition of Diet E (SPC) and Diet F (SBM) for the amino acid 
digestibility Experiment 2.  
Ingredient, % SPC   SBM       
SPC (60%CP) 31.00 
 
   - 
   SBM (48% CP)   - 
 
41.90 
   Dextrose 63.19 
 
52.30 
   NaCl 0.30 
 
0.30 
   Choline chloride 1.30 
 
1.30 
   Limestone 1.30 
 
1.30 
   Monocalciumphosphorus 1.90 
 
1.90 
   Vitamin mineral premix- broilers1 0.50 
 
0.50 
   Chromic oxide premix2 1.50   1.50       
1Vitamin/mineral premix supplied per kg of diet: vitamin A, 18,904 IU; vitamin D3, 9489 IU ; vitamin E, 
63 IU ; vitamin K, 6.43 mg; thiamine, 3.14 mg; riboflavin, 9.43 mg; pantothenic acid, 34.7 mg; niacin, 
126.26 mg; pyridoxine, 4.73 mg; folic acid, 1.57 mg; biotin, 0.47 mg; vitamin B12, 35.46 µg; choline, 
957.81 mg; iron from ferrous sulfate, 71.64 mg; copper from copper sulfate, 11 mg; manganese from 
manganese oxide, 178.89 mg; zinc from zinc oxide, 178.89  mg; iodine from ethylene diamine dihydroidide, 
3  mg; selenium from sodium selenite 0.35 mg. 

















Table 2.3. Amino acids profile for Diet E (SPC) and Diet F (SBM) on DM basis. 
Experment 2 
















































































































Table2.4. AME and AMEn of diets containing SPC when included in broiler diets from 0 to 21% at 7 and 21 d of age, 
Experiment 1. 
        Days of age   
   
7 7 21 21 
Diet SBM SPC AME AMEn AME AMEn 
 
-------- % of diet--------- ------------ (Kcal/g, DM basis)------------- 
A 37.48 0.0 2.4411 2.381 3.325a 3.165a 
B 34.70 7.0 2.735 2.560 3.451b 3.226abc 
C 31.92 14 2.631 2.483 3.470b 3.241abc 
D 29.13 21 2.688 2.498 3.488b 3.263 b 
SEM  
 
0.12 0.11 0.03 0.30 
Probability of diet effect 
 
0.38 0.73 0.0069 0.096 
Linear response  
 
0.26 0.59 0.0019 0.019 
Quadratic response   0.32 0.5 0.44 0.66 
a,b,c Means within a column with no common subscript letters are significantly different (P<0.05).  









Table 2.5. Determined apparent metabolizable energy (AME) and nitrogen-corrected AME (AMEn) of soy protein concentrate 
(SPC) as determined via partial replacement for the energy contributing ingredients when included in broiler diets from 0 to 21% 
at 7 and 21 d of age, Experiment 1. 
        Days of age 
      7     21 









       









a,bMeans within a row with no common subscript letters are significantly different (P<0.05).  
1Means±SE represent 6 replicate pens of 20 and 6 birds from 2 to 7 and 16 to 21 days of age, respectively for pens fed 0, 7, 14, or 
21% SPC in partial replacement for the basal energy contributing ingredients. The AME and AMEn were determined via linear 
regression of SPC intake versus determined AME and AMEn. The above values are the slope response over the tested range of 








Table 2.6. Apparent dry matter and nitrogen digestibility of semi-purified diets containing soy protein concentrate (SPC) or 
dehulled soybean meal (SBM) in broilers chicks at 7 and 21 d of age, Experiment 2. 
   Ingredient   
 
  SPC SBM SPC SBM   Source of variation 
  Days of age   
Nutrient   7 7 21 21 SEM Age Diet Age*Diet 
    --------------------- % digested -----------------
 
  ------------- Probability ---------- 
Dry matter 
 
  64.161 75.20 81.00 84.00 2.55 0.0001 0.013 0.13 
Nitrogen 
 
  41.67b 74.60a 78.80a 86.33a 3.49 0.0001 0.0001 0.0019 
a,bMeans in rows with no common superscript are significantly different (P < 0.05). 












Table 2.7. Apparent amino acid digestibility of soy protein concentrate (SPC) or dehulled soybean meal (SBM) in broilers at 7 and 
21 days of age, Experiment 2. 
                              Ingredient   
 
 SPC SBM SPC SBM   Source of variation 
                            Days of age   
 
 7 7 21 21 SEM Age Diet Age*Diet 
Essential amino acids   ------------------ % digested ------------------
 
  ------------- Probability ---------- 
Arginine    64.331a 
 
84.00 b 88.60 b 91.17 b 5.34 0.0001 0.0001 0.0015 
Histidine 
 
 55.83 a 79.40 b 85.00 b 89.33 b 6.55 0.0001 0.0001 0.0030 
Isoleucine 
 
 52.50 a 75.40 b 85.00 b 87.67 b 7.08 0.0001 0.0005 0.0037 
Leucine 
 
 50.67 a 74.60 b 84.40 b 87.17 b 7.40 0.0001 0.0005 0.0036 
Lysine 
 
 57.00 a 77.00 b 85.40 b 88.33 b 6.69 0.0001 0.0008 0.0080 
Methionine 
 
 61.50 a 81.60 b 88.80 b 91.33 b 6.19 0.0001 0.0005 0.0038 
Phenylalanine 
 
 51.00 a 75.80 b 84.40 b  88.00 b 7.25 0.0001 0.0002 0.0031 
Threonine 
 
 40.67 a 68.80 b 77.00 b 83.33 b 9.01 0.0001 0.0003 0.0112 
Valine 
 
 48.00 a 73.20 b 82.80 b 86.50 b 7.81 0.0001 0.0004 0.0048 
Tryptophan 
 




              
Alanine 
 
 49.67 a 73.80 b 83.20 b 87.00 b 7.21 0.0001 0.0003 0.0040 
Aspartic Acid 
 
 48.83 a 74.40 b 82.20 b 86.33b 8.04 0.0001 0.0004 0.0060 
Cysteine 
 
 31.80 a 60.40 b 73.00 b 81.67 b 8.81 0.0010 0.0002 0.0193 
Glutamic Acid 
 
 59.17 a 81.00 b 87.00 b 89.67 b 6.58 0.0001 0.0004 0.0003 
Glycine 
 
 44.33 a 71.80 b 79.80 b 85.17 b 8.46 0.0010 0.0003 0.0069 
Proline 
 
 50.33 a 74.60 b 83.40 b 87.00 b 7.75 0.0010 0.0005 0.0060 
Serine 
 
 40.50 a 69.60 b 79.00 b 83.67 b 10.1 0.0001 0.0010 0.0110 
Tyrosine 
 
 58.17 a 79.20 b 85.60 b 89.17 b 6.19 0.0001 0.0002 0.0040 
 
 
Total amino acids 
 
 51.38a 75.61b 83.46b 87.54 b 7.33 0.0001 0.0002 0.0003 
a,b Means in rows with no common superscript are significantly different (P < 0.05). 





Table 2.8. Standardized1 amino acid digestibility of soy protein concentrate (SPC) or dehulled soybean meal (SBM) in broilers 
at 7 and 21 days of age, Experiment 2. 
                                Ingredient   
 
 SPC SBM SPC SBM   Source of variation 
                              Days of age   
 
 7 7 21 21 SEM Age Diet Age*Diet 
Essential amino acids   --------------------- % digested -------------------   ------------- Probability ---------- 
Arginine    67.332 a 86.60 b 89.60 b 92.50 b 5.30 <.0001 0.0001 0.002 
Histidine 
 
 58.83 a 82.60 b 86.20 b 90.50 b 6.55 <.0001 0.0001 0.002 
Isoleucine 
 
 56.00 a 79.20 b 86.60 b 89.17 b 7.26 <.0001 0.0006 0.003 
Leucine 
 
 54.33 a 78.00 b 86.00 b 88.67 b 7.44 <.0001 0.0006 0.004 
Lysine 
 
 60.50 a 81.00 b 86.80 b 89.50 b 6.69 <.0001 0.0008 0.006 
Methionine 
 
 66.33 a 87.00 b 90.20 b 93.00 b 6.26 <.0001 0.0004 0.003 
Phenylalanine 
 
 54.17 a 79.40 b 86.20 b 89.33 b 7.34 <.0001 0.0003 0.002 
Threonine 
 
 50.40 a 75.20 b 80.20 b 86.50 b 7.77 <.0001 0.0003 0.015 
Valine 
 
 52.67 a 78.20 b 84.80 b 88.50 b 7.74 <.0001 0.0003 0.004 
Tryptophan 
 
 67.33 a 86.60 b 89.60 b 92.50 b 5.30 <.0001 0.0001 0.002 
Nonessential amino acids 
  
  
              
Alanine 
 
 54.00 a 78.80 b 85.20 b 89.00 b 7.41 <.0001 0.0003 0.004 
Aspartic Acid 
 
 52.17 a 77.60 b 83.40 b 87.50 b 8.11 <.0001 0.0005 0.007 
Cysteine 
 
 40.20 a 68.20 b 78.00 b 86.00 b 8.85 <.0001 0.0002 0.019 
Glutamic Acid 
 
 62.00 a 83.40 b 88.00 b 90.67 b 6.50 <.0001 0.0004 0.003 
Glycine 
 
 48.83 a 76.60 b 82.00 b 87.67 b 8.43 <.0001 0.0002 0.006 
Proline 
 
 54.17 a 78.60 b 85.40 b 89.00 b 7.65 <.0001 0.0005 0.005 
Serine 
 
 46.33 a 75.00 b 82.00 b 86.67 b 10.0 <.0001 0.0011 0.012 
Tyrosine 
 
 61.83 a 83.00 b 87.20 b 90.83 b 6.21 <.0001 0.0002 0.004 
Total amino acids 
 
 55.30 a 79.31 b 85.16b 89.12 b 7.39 <.0001 0.0011 0.019 
a,bMeansin rows with no common superscript are significantly different (P < 0.05). 
1Standardized = correction for basal endogenous losses specific to the age of the broiler 





CHAPTER 3. EVALUATION OF NUTRITIONAL TRAITS OF SOY 
PROTEIN CONCENTRATE (SPC) FOR TURKEY POULTS 
3.1 Abstract 
The objective of this study was to determine the apparent metabolizable energy 
(AME) and, nitrogen corrected AME (AMEn) of soy protein concentrate (SPC), and 
standardized ileal amino acid digestibility (SIAAD) of (SPC) and dehulled soybean meal 
(SBM) in turkey poults at 7 and 21d of age. Soy protein concentrate and SBM was the 
only source of CP in their respective semi-purified diets used for estimating SIAAD in 7 
and 21 d –old turkey poults. Two experiments (Exp 1 and 2) were conducted with 6 
replicates/diet of 20 and 6 birds/cage at d 7 and 21, respectively. The experimental diets 
for Exp.1 contained 0, 7, 14, and 21% of SPC. The SPC replaced the energy contributing 
ingredients in the diet. Excreta were collected from d 5 - 7 and 19 – 21, frozen, and dried. 
For Exp. 2, two semi-purified diets were formulated to contain 20% CP (coming from 
either SPC or SBM). Experimental diets were fed for 5 d (d 2 - 7 and 16 - 21) and ileal 
digesta were collected on d 7 and 21. In Exp.1, increasing SPC linearly improved AME 
and AMEn on d 7 and 21 (P ≤ 0.028).  The AME and AMEn for SPC containing diets 
based on linear regression was 3,385 and 3,152 at 7 and 3,666 and 3,409 on d 21, 
respectively.  In Exp. 2, apparent DM digestibility for SPC-and SBM-based diets were 
not significantly different between ages (P >0.10) and diets (P=0.097). Apparent N 





with no age by diet interaction. The SIAAD were not significantly different between ages 
and diets. Based on these results, replacing energy contributing ingredients with graded 
levels of SPC resulted in significant improvement in AME and AMEn on d 7 and 21 
versus published values for SBM.  Also, the amino acid content of SPC was well utilized 
by the young poult at d 7 and 21 d.  
Key words: metabolizable energy, soybean meal, soybean protein concentrate, 






Supplying the caloric needs of the bird comprises a huge part of the poultry feed 
cost. Prices for energy providing ingredients like corn increased due to the usage as a 
supply for ethanol and biodiesel production (Donohue and Cunningham, 2009). Thus, it 
is critical to evaluate all ingredients for their energetic contribution in poultry feeding. 
Soybean products are an important source of dietary protein and energy in poultry. 
Compared to swine, soybean meal has about 28% less energy for poultry (NRC, 1994, 
1998) with much of this difference due to the poor utilization of carbohydrate fraction of 
soybean meal (Chot et al., 2010). Galacto-oligosaccharides (GAL) like raffinose and 
stachyose are small weight sugars, which are not able to be hydrolyzed by poultry due to 
the lack of alpha-1,6galactosidase (Gitzelmann and Aurichhio, 1965; Cristofaro et al., 
1974).Higher concentration of the oligosaccharides can cause fluid retention, increase 
digesta flow rate, decrease TMEn, and caused leg and feet disorders (Wiggins, 1984; 
leske, 1991).  Leske et al. (1993) reported that addition of raffinose and stachyose to the 
SPC diet can significantly decrease TMEn values in a leghorn rooster study. In another 
study Leske et al. (1991, 1995) reported that raffinose is a causative agent for decreasing 
TMEn in SBM and it also decreased the protein efficiency ratio of SBM and soy protein 
concentrate.  
Furthermore, researchers have reported that removal of oligosaccharides like 
stachyose and raffinose from SBM with ethanol extraction or genetic selection can 
improve the MEn in poultry (Coon et al., 1990; Leske and Coon,1999; Parsons et al., 





of GAL content and increase TMEn, but Irish et al.(1995) reported that MEn was not 
improved with ethanol extraction. There are some soybean varieties that have been 
developed with genetic selection which have reduced amounts of stachyose and raffinose 
content. Parson et al. (2000) reported that SBM from these genetically reduced GAL 
varieties improved TMEn in roosters by 7 to 9%, compare to several other commercial 
soybean meals. Coon et al. (1990) reported that genetically reduced GAL varieties 
increased TMEn about 574 kcal/kg in leghorn roosters. Perryman and Dozier (2012) 
found that genetically reduced oligosaccharide soybean meal had higher nitrogen 
corrected apparent metabolizable energy (AMEn) and apparent ileal amino acid 
digestibility (AIAAD) values compared to CSBM. Chen et al. (2013) reported that 
genetically reduced oligosaccharide SBM (SBM-RO) had greater TMEn values compared 
to conventional soybean meal (CSBM), but they didn’t find any difference between 
standardized ileal amino acid digestibility of CSBM and SBM-RO.  
In addition, soybean products can contain varying amounts of anti-nutritional 
factors. Peisker, (2001) reported that soybean meal has about 15% and soy protein 
concentrate has less than 1% of oligosaccharide with additional variation in trypsin 
inhibitors, lectins and crude protein between SPC and SBM. Soy protein concentrate and 
soy isolate (SPI) are used as a value-added feed ingredient in young animal with 
underdeveloped gastrointestinal tract. Soy protein concentrate and isolate have a 
significant dietary importance in human nutrition and have been implicated in cancer 
prevention (Bennink, 2001: Linz et al., 2004) and prevention of some other diseases, like 
degenerative changes in the liver (Gudbrandsen et al., 2006). Sohn et al. (1994) reported 





substituted for it. Batal and Parsons (2003) reported that broilers fed SPC and SPI had the 
same body weight as those fed casein-based diet. Batal and Parsons (2002, 2003) 
reported that feeding SPC and SPI improved energy and amino acid availability and then 
may have also a positive effect on chicken growth, especially during the first 3 weeks 
posthatch. Emmert and Baker (1995) reported that feeding SPC and SPI to chicks may 
sometime decrease growth rates due to the imbalance of sulfur amino acids and threonine. 
Supplementation with amino acids could solve this problem.  
Our research primary objective was to determine if a partial replacement of SBM 
(48% CP) in turkey poults with soy protein concentrate (SPC) would improve energy and 
amino acid utilization, especially during the first week of life, when the bird faces the 
most digestibility issues.Furthermore, we determined whether these differences persisted 





3.3 Materials and Methods 
Two experiments were conducted to evaluate the nutritional value of SPC in 
turkey poults.  Birds were randomly assigned in 6 replicates of 20 birds per replicate from 
2 to 7 and 6 birds per replicate from 16 to 21 d of age to determine AME and ileal amino 
acid digestibility. A standard commercial diet was fed to birds until the beginning of 
experimental period.  Each “age” comprised a separate group of birds from 2 to 7 and 16 
to 21 d of age. This study was similar to the approach for amino acid digestibility in 
different plant ingredients by Adedokun et al. (2008). 
In the first experiment, apparent metabolizable energy was determined and diets 
containing 0, 7, 14, and 21% of SPC which replaced the energy contributing ingredients 
in the diet (Table 2.1).Diet A was the control and had 37.5% of SBM, diet B, C, and D 
had 34.7, 31.9, and 29.1% of SBM, respectively. Chromic oxide was added to each diet at 
0.5% as an indigestible marker and all diets were analyzed for DM, gross energy, 
nitrogen, and chromium.  Diets were analyzed for DM, gross energy, nitrogen, chromium, 
stachyose, raffinose, sucrose, ADF, and NDF.  
 Excreta was partially collected from 5 to 7 and 19 to 21 d of age, freeze- dried 
and was analyzed for, DM, gross energy, nitrogen, and chromium. Samples were 
analyzed for gross energy with bomb calorimetry (model 6300, Parr Instruments, Moline, 
IL), dry matter (method 934.01; AOAC International, 2006), nitrogen (method 990.03; 
AOAC International, 2006), chromium (method 990.08; AOAC, 2006) at Purdue 
University andsucrose, stachyose, raffinose (Janauer and Englmaier, 1978), acid 





(Holst, 1973) samples were analyzed at the University of Missouri Experiment Station 
Field Laboratory. Analyzed results included apparent metabolizable energy and nitrogen-
corrected metabolizable energy (AME and AMEn), as well as apparent N and DM 
retention. Replacement of 0, 14, and 21% of SPC in diets were used as slope response 
determination of AME and AMEn. Birds were individually weighed and placed into 
blocks. Each block had a full complement of treatments and regression across SPC 
addition used to generate a replicated slope value within each block for SPC intake versus 
AME or AMEn as was previously described by (Adeola and Ileleji, 2009). 
In the second experiment of amino acid digestibility, two semi-purified diets of 
SPC (60%CP), and SBM (48% CP) were used (Table 2.2 and 2.3). Diets had 0.5% 
chromic oxide as an indigestible marker.  A 5 d study was conducted from 2 to 7 and 19 
to 21 d of age, after which birds were euthanized with CO2 gas. The experimental 
ingredient (SPC or SBM) was incorporated into a semi-purified diet with the ingredient 
as the sole-source of amino acids in the diet and formulated to comprise the majority of 
the ingredient composition (with the exception of limestone, mono-calcium phosphate, 
chromic oxide and vitamin/mineral premix). These two semi-purified diets, SPC 
comprised 31% of the total diet and the SBM about 41.9%. Diets were analyzed for dry 
matter (method 93.01; AOAC International, 2006), nitrogen (method 990.03; AOAC 
International, 2006), chromium was determined by the inductively coupled plasma 
atomic emission spectroscopy (method 990.08; AOAC International, 2006), energy with 
bomb calorimeter (model 6300, Parr Instrument, Moline, IL), amino acid profile (method 
46-24; AOAC International, 2006) at the University of Missouri.  Ileal digesta samples 





from the entire cage of birds and pooled by cage, freeze-dried, and analyzed for dry 
matter, chromium, nitrogen, and amino acids for subsequent calculation of apparent and 
standardized amino acid digestibility for each ingredient. 
Apparent ileal AA digestibility (AIAAD) and standardized ileal AA digestibility 
(SIAAD) were subsequently calculated. Historical data on age-specific endogenous 
amino acid flow from birds fed a nitrogen-free diet (NFD) was used for standardization 
of amino acid digestibility for basal endogenous losses (Adeodokun et al., 2011). Across 
all studies, standardized (calculated from the endogenous correction diet) and apparent 
amino acid digestiblities were determined utilizing the chromic oxide index.  
 
3.4 Calculations 
The apparent ileal digestibility of dry matter, ileal endogenous nitrogen and amino 
acid flow we used the following formulas: 
AID % = [1-(Cri/Cro) × (No/Ni)]× 100 
AIAAD% = [1-(Cri/Cro) X (AA digesta/ AA diet)] × 100 
In the above formula, Cri is the intake concentration of chromium in the diet grams per 
kilogram of dry matter.  Cro is the output concentration of chromium grams per kilogram 
of dry matter in the digesta. No and Ni are the concentrations of DM, N, and amino acid in 
the ileal digesta and diet milligrams per kilogram of DM, respectively. Furthermore, for 
the standardized amino acid digestibility AME and nitrogen corrected apparent 
metabolizable energy used the following equation: 
 
Standardized AA Digestibility (%) = 
AA I - (AAO- Basal ENo)  







AEME = (GE intake- GE excreted)/ feed intake 
AMEn = (GE intake-GE excreted)- [8,200×(N intake- N excreted)] / feed intake 
In the above equation, AAI is the amino acid intake, AAO is the amino acid output 
in the digesta and Basal ENo is the endogenous losses of amino acid. The difference 
between apparent and standardized digestibility is that, in standardized digestibility 
amino acid intake is correcting for basal endogenous losses. Additionally,  for the AMEn 
dietary treatment were calculated using 8.22 kcal/g as the correction factor for nitrogen 
(Hill and Anderson, 1958) and this equation was first used by (Sibbald and Slinger ,1963) 
with the unit of (AMEn kcal/kg); N intake (kg); N excreted (kg) and  feed intake (kg).  
3.5 Statistical Analysis 
Data for both energy and AA digestibility studies were analyzed using the GLM 
procedure of SAS (SAS Institute, Cary, NC).  Least significance difference test was used 
for determination of differences among individual treatment means and P-value≤0.05 was 
considered as significant differences between means.  Regression for the test ingredient 
associated with AME or AMEn intake in kilocalories against kilogram of the test 
ingredient intake for cage of birds was conducted using multiple regressions. The SAS 
statements: Proc GLM; Class TI; Model Y= TI* DMintake/solution; the solution option 








3.6.1 Experiment 1 – determination of energy utilization 
The resulting energy utilization (AME and AMEn) for turkey poults are reported 
in Table 3.1. In the energy evaluation experiment, SPC replaced the energy contributing 
portion of the corn/SBM diet. The results indicate that with increasing SPC and decreased 
SBM in the diet, AME significantly improved (P=0.026) at d 7 for all SPC containing 
diets and the linear response was also significant (P=0.005).   Additionally, at d 21 AME 
was significantly improved (P=0.0002) and the linear response was also significant (P= 
0.0001). Nitrogen corrected metabolizable energy was not significant at d 7,but there was 
a significant (P=0.0083) improvement with increasing SPC concentration at 21 d of age. 
Linear responses were significant for AMEn at d 7 (P=0.028) and 21 (P=0.0018) of age. 
When statistical regression was applied to SPC, there was a general (8%) improvement in 
energy use from 7 to 21 d of age. The AME and AMEn for SPC containing diets based on 
linear regression was 3,385 and 3,152 at 7 d and 3,666 and 3,409 at 21 d, respectively 
(Table 3.2).  
3.6.2 Experiment 2 – Determination of ingredient dry matter, nitrogen, and amino 
acid digestibility 
In the second experiment, nitrogen, amino acid, and dry matter digestiblities were 
determined. Two semi-purified diets were formulated with 20% crude protein, either with 
SPC or SBM as the sole source of protein in the diet. The result for dry matter and 
nitrogen digestibility are reported in Table 3.3. Dry matter digestibility was not 
significantly (P=0.097) different between SPC and SBM. There was also no significant 





well utilized compared to SBM in both ages. Nitrogen apparent digestibility was not 
different (P=0.52) between diets, but there was significant different between 7 and 21 d 
of age. However, apparent nitrogen apparent digestibility was 19 % less at 7 d vs. 21 d of 
age for both SBM and SPC. 
 Apparent and standardized amino acid digestibility of SPC vs. SBM for both age 
d7 and 21 are presented in Table 3.4 and3.5, respectively. Standardized values compared 
to apparent are more appropriate for diet formulation, because of the basal endogenous 
loss correction. The apparent amino acid digestibility was not different between SPC and 
SBM but there was a significant difference (P<0.05) between d 7 and 21 for all amino 
acids except for cysteine. There were improvements between 7 to 21d of age in amino 
acid digestibility and the improvements were higher for SPC than SBM. Standardized 
amino acid digestibility was not significant different between SPC and SBM. There was 
also no significant difference between 7 and 21 d of age. The primary reason for it not 
being different is the correction for differences in intestinal maintenance differences 












Bach Knudsen (1997) reported that SBM is a rich source of carbohydrates with 
half of them being simple sugars, sucrose, oligosaccharides and starch. The other half is 
the structural polysaccharides and peptic polysaccharides. Meng et al. (2005) reported 
that technological process of SPC and SPI can modify the content and properties of the 
carbohydrate fraction. Coon et al. (1990) reported that oligosaccharides, like stachyose 
and raffinose, are among the primary anti-nutritional factors of soybean meal which 
impact energy utilization in poultry.  Peirson et al. (1980) also reported that soybean 
meals are poorly digested due to its oligosaccharide portion, and it has lower 
metabolizable energy compared to gross energy.   
Removing the oligosaccharide fraction with ethanol extraction can improve its 
TMEn and decrease the digesta passage rate (Coon et al., 1990). Gitzelman and Aurichio 
(1965) reported that poultry do not have the enzymes to break α- (1,6) galactosides bond 
of the oligosaccharides, and feeding exogenous α- (1,6) galactosidase also did not 
improve the metabolizable energy of SBM (Irsih et al., 1993). Thus, higher 
concentrations of the oligosaccharides can cause fluid retention, increase digesta flow 
rate, decreased TMEn, and cause leg and feet disorders (Wiggins, 1984; Leske, 1991).  
Leske et al. (1993) reported that addition of raffinose and stachyose to the SPC diet 
significantly decreased TMEn values in the Leghorn rooster. 
Gudbrandsen et al. (2006) reported that soybean products as SPC and SPI can 
help in prevention of many diseases and it could be used as a value-added component to 
young animals, due to their undeveloped digestive tract. Lenehan et al. (2007) reported 





Sohn et al. (1994) also reported that in pigs, the amino acid digestibility of SPC and SPI 
were higher from SBM.  Batal and Parsons (2003) reported that BW gain of broiler 
chicken were similar as casein- based diet when fed SPC and SPI. Batal and Parsons 
(2002, 2003) reported that the process involved in SPC and SPI can improve the energy 
and amino acid digestibility, which can have positive effects on chicken growth, 
especially during the first 3 wk of post-hatch. Emmert and baker (1995) reported that 
SPC and SPI can also negatively affect the growth rates of chicks, due to the imbalance 
of sulfur amino acids and threonine. But adding supplemental amino acids to the diet can 
alleviate this problem. 
Moreover, in this study we replaced SPC with SBM, and the replacement was 0, 7, 
14, and 21 % of the total diet in turkey poults. Diet composition for the energy evaluation 
study is reported in Table 2.1. Diets A, B, C, and D had 4052, 4014, 4114, and 4106 
kcal/kg gross energy, and 20.93, 25.81, 27.31, and 30.50 % CP, respectively. Soybean 
meal comprises 37.48, 34.70, 31.92, and 29.13% of the total diet. With replacing SBM 
there is decreased in the oligosaccharide fraction of the diet. Raffinose and stachyose 
values were 3.46, 3.13, 2.98, 2.65% and 0.49, 0.44, 0.42, 0.36% for diet A, B, C and D, 
respectively. Perryman and Dozier (2012) reported similar results from their diet 
composition and noted that low oligosaccharide soybean meal had lower stachyose and 
raffinose values (0.21 and1.56%) compared to conventional soybean (0.71 and 6.79%), 
respectively.  They also reported that low oligosaccharide soybean meal had higher 
sucrose and lower ADF and NDF values. Our study didn’t support this latter finding and 
we found an increase in sucrose and also ADF and NDF values.  Diet composition for the 





purified diets which were the sole-source of amino acids in the diets. Diets contained 0.5% 
chromic oxide as the digestible marker (as a premix at a 1:2 with corn starch) and SPC 
comprised 31% of the total diet and SBM about 41.9%.   
Furthermore, our results indicates that replacing SPC for corn/ SBM in the diet, 
AME was significantly improved at the 7 d of age in turkey poults and the linear response 
were also significant.  At 21 d of age AME and the linear response were both significant. 
There was also an improvement in energy utilization from d 7 to 21. Nitrogen corrected 
metabolizable energy was not significantly different at d 7 but there were significant 
improvement at 21 d of age. Linear responses were significant for AMEn at both 7 and 21 
d of age. Batal and Parsons (2003) compared the metabolizable energy of casein, SPI, 
SPC, and SBM at the same age in chicks, and reported that AMEn was from the highest 
to the lowest in the above mentioned diets, respectively. They also reported that all the 
diets significantly improved AMEn with age, with the smallest increase was for the casein 
diet. In their study there is increased energy utilization from SBM to SPI and SPC. Our 
study also showed that when replacing SBM with SPC, there was improvement in the 
energy utilization between diets and also improvement between ages. In our study, the 
diet composition shows that with increasing SPC there is a decrease in the 
oligosaccharide (stachyose and raffinose) fraction of the diet. Improvement in AME is 
due to the decrease in these anti-nutritional factors. Peryman and Dozier (2012) also 
reported similar results and noted that low oligosaccharide SBM improved AMEn values 
compared to conventional SBM. Chen et al. (2013) also agreed with this result and 
reported a decrease in anti-nutritional factors like oligosaccharide can significantly 





(stachyose and raffinose) to the SPC diet significantly reduced TMEn.  Parsons et al. 
(2000) also found that low oligosaccharide SBM had higher TMEn values compare to 
conventional SBM.   Jankowski et al. (2009) fed four different diets of SBM, SBM-SPI, 
SPC, and SPI to turkey poults which were different in oligosaccharide contents where the 
average content of oligosaccharide were 2.4, 1.9, 0.9, and 0.1% in each diet, respectively. 
They noted that birds consuming SBM-SPC and SPC diets had significantly improved 
BW compared to other diets.  They also reported that partial or complete substitution of 
SBM with SPC suppressed the fermentation process in the ceca but promoted the bird’s 
growth rate.  
Additionally, two semi-purified diets of SPC and SBM were used in the amino 
acid digestibility study, as the sole-source of amino acids in both diets. Results indicate 
that the apparent amino acid digestibility was not different between SPC and SBM but 
there were significant differences between d 7 and 21 for all amino acids accept for Cys. 
There was an improvement between 7 to 21d of age in the amino acid digestibility and 
the improvement was higher for SPC than SBM. Standardized amino acid digestibility 
was not significantly different between SPC and SBM, and between 7 and 21 d of age. 
Adedokun et al. (2008) reported that poults apparent ileal amino acid digestibility 
increased with age for all the feed ingredients analyzed including: corn distillers dried 
grains with solubles, canola meal, corn and soybean meal. However, SIAAD were only 
increased with age for DDGS and corn, not for soybean meal and canola meal. They also 
recommended that age-appropriate endogenous amino acid standardization is necessary 
in amino acid digestibility experiments. Perryman and Dozier (2012) reported that 





conventional soybean meal compared to low oligosaccharides soybean meal (LOSBM), 
but the digestible amino acid concentration was higher for LOSBM. Batal and Parsons 
(2003) reported that AA digestibility for four diets casein, SPI, SPC, and SBM were 
ranked respectively from highest to lowest at the same age and it was improved with age. 
They also compared the AA digestibility of SPC, SPI and SBM and reported that AA 
digestibility of SPC and SPI were higher than SBM at both d 14 and 21. Furthermore, 
they suggested that there are potential benefits from feeding SPC and SPI during the first 
1 to 3 wk of post-hatch and under-processed soybean should not be used, especially for 
the very young age bird.  Our study supports these results for turkey poults and it seems 
that turkey poults are able to utilize SPC very well at 7 d of age.  Chen et al. (2013) 
reported that there was no difference between reduced oligosaccharide SBM compared to 
conventional SBM in indispensable amino acids except for Trp, but they found 
significant differences for Ala, Asp and Cys for dispensable AA, and its digestibility 
were higher for low oligosaccharides soybean meal compared to conventional SBM. 
Baker et al. (2011) reported that there were no difference in standardized amino acid 
digestibility among the 3 different diets of low protein, high protein and conventional 
soybean meal except for Lys in high protein soybean meal diet. Our study supports this 
result, with no difference between diets and age being noted in the standardized amino 
acid digestibility. 
Furthermore, this study shows that dry matter digestibility was not significantly 
different between SPC and SBM. There was also no significant difference between 7 and 
21 d of age in dry matter digestibility, but SPC was well utilized compared to SBM in 





significant difference between 7 and 21 d of age. Nitrogen digestibility was 19 % less at 7 
d vs 21 d of age for both SBM and SPC. Adedokun et al. (2008) reported that in poults, 
DM digestibility increased with age for corn and soybean meal but not for canola meal 
and DDGS. Our study didn’t support this result and we didn’t find any significant 
difference between the two ages and diets. In conclusion, replacement of SPC in the 
corn/SBM diet improved energy utilization at both ages (d 7 and 21).Additionally, SPC 
amino acid and protein was better in digestibility compared to soybean meal. The results 
of this study recommend SPC can be use for turkey poults in both ages if it was 
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Table 3.1. AME and AMEn of diets containing SPC as determined via partial replacement for the energy contributing ingredients 
in the basal diets (including SBM) when included in turkey poult diets from 0 to 21% at 7 and 21 d of age, Experiment 1. 
        Days of age   
   
7 7 21 21 
Diet SBM SPC AME AMEn AME AMEn 
 
-------% of diet---------- ----------- (Kcal/g, DM basis)---------- 
A 37.48 0.0 3.020 a1 2.865 3.190 
a 3.042 a 
B 34.7 7.0 3.160 a 2.928 3.413 
b 3.180a b 
C 31.92 14 3.193 a 2.970 3.435 
b 3.188 b 
D 29.13 21 3.230 b 2.996 3.493 
b 3.238 b 
SEM  
 
0.05 0.04 0.037 0.035 
Probability of diet effect 
 
0.026 0.14 0.0002 0.0083 
Linear response  
 
0.005 0.028 0.0001 0.0018 
Quadratic response   0.59 0.97 0.17 0.29 
a,b,c Means within a column with no common subscript letters are different (P<0.05).  









Table 3.2. Determined apparent metabolizable energy (AME) and nitrogen-corrected AME (AMEn) of soy protein concentrate 
(SPC) as determined via partial replacement for the energy contributing ingredients when included in turkey poults diets from 0 to 
21% at 7 and 21 d of age, Experiment 1. 
        Days of age 










       






3409 ± 23 b 
 
 
a,bMeans within a row with no common subscript letters are significantly different (P<0.05).  
1Means±SE represent 6 replicate pens of 20 and 6 birds from 2 to 7 and 16 to 21 days of age, respectively for pens fed 0, 7, 14, or 21% SPC in 
partial replacement for the basal energy contributing ingredients. The AME and AMEn were determined via linear regression of SPC intake 










Table 3.3 Apparent dry matter and nitrogen digestibility of semi-purified diets containing soy protein concentrate (SPC) or 
dehulled soybean meal (SBM) in turkey poults at 7 and 21 d of age, Experiment 2. 
   Ingredient   
 
  SPC SBM SPC SBM   Source of variation 
  Days of age   
Nutrient   7 7 21 21 SEM Age Diet Age*Diet 
    --------------------- % digested -----------------
 
  ------------- Probability ---------- 
Dry matter 
 
  80.501 68.00  83.20 71.50 6.34 0.65 0.097 0.95 
Nitrogen 
 
  68.00  65.00 85.80  79.50 6.82 0.045 0.52 0.82 
















Table 3.4.Apparent amino acid digestibility of soy protein concentrate (SPC) or. dehulled soybean meal (SBM) in turkey 
poults at 7 and 21 days of age, Experiment 2. 
                      Ingredient   
 
 SPC SBM SPC SBM   Source of variation 
                     Days of age   
 
 7 7 21 21 SEM Age Diet Age*Diet 
Essential amino acids    ------------- % digested -------------   -------- Probability ----- 




83.50 94.20 90.75 5.33 0.01 0.89 0.38 
Histidine 
 
 75.00 77.50 90.20 86.50 7.07 0.02 0.89 0.49 
Isoleucine 
 
 74.00 76.00 90.40 85.75 7.20 0.01 0.77 0.46 
Leucine 
 
 72.50 75.00 89.80 84.00 7.48 0.02 0.72 0.38 
Lysine 
 
 77.00 74.00 90.40 85.75 6.20 0.01 0.33 0.83 
Methionine 
 
 72.00 77.00 91.00 88.00 6.62 0.00 0.81 0.34 
Phenylalanine 
 
 72.50 77.50 90.60 85.75 7.48 0.02 0.99 0.30 
Threonine 
 
 68.00 64.50 83.60 77.00 10.21 0.05 0.43 0.81 
Valine 
 
 70.00 72.50 88.40 83.25 7.93 0.01 0.79 0.44 
Tryptophan 
 
 81.00 83.50 94.20 90.75 5.33 0.01 0.89 0.38 
Nonessential amino acids 
 
       
Alanine 
 
 70.00 71.50 88.20 83.25 8.17 0.01 0.73 0.53 
Aspartic Acid 
 
 74.50 75.00 88.40 82.50 8.34 0.06 0.60 0.54 
Cysteine 
 
 54.50 49.50 75.80 68.25 16.6 0.07 0.55 0.90 
Glutamic Acid 
 
 78.00 81.50 92.40 88.50 6.36 0.02 0.96 0.36 
Glycine 
 
 69.00 70.00 86.20 81.25 9.02 0.02 0.73 0.60 
Proline 
 
 72.50 76.00 88.80 83.75 7.88 0.03 0.87 0.39 
Serine 
 
 72.00 66.50 85.40 78.75 9.76 0.05 0.33 0.92 
Tyrosine 
 
 76.50 77.50 91.00 85.75 7.34 0.03 0.64 0.50 
Total amino acids 
 
 74.00 74.00 89.00 83.75 7.93 0.03 0.63 0.56 





Table 3.5. Standardized1 amino acid digestibility of soy protein concentrate (SPC) or dehulled soybean meal (SBM) in turkey 
poults at 7 and 21 days of age, Experiment 2. 
  Ingredient   
 
 SPC SBM SPC SBM   Source of variation 
 Days of age   
 
 7 7 21 21 SEM Age Diet Age*Diet 
Essential amino acids   --------------------- % digested -----------------
 
  ------------- Probability ---------- 
Arginine    87.502 
 
90.00  96.00  92.25  5.55 0.14 0.86 0.37 
Histidine 
 
 84.00  86.50  93.20  89.50  7.07 0.19 0.89 0.49 
Isoleucine 
 
 82.00 85.00  93.00  87.75  7.19 0.15 0.80 0.37 
Leucine 
 
 81.50  84.50  92.00  86.75  7.69 0.20 0.81 0.41 
Lysine 
 
 85.00  83.00  92.40  88.00  6.05 0.12 0.40 0.75 
Methionine 
 
 85.00  91.00  93.60  91.00  6.64 0.31 0.68 0.31 
Phenylalanine 
 
 80.50  85.50  93.00  88.00  7.55 0.13 1.00 0.30 
Threonine 
 
 81.00  78.50  88.80  82.75  10.18 0.35 0.50 0.78 
Valine 
 
 81.00  84.50  92.40  87.00  7.97 0.18 0.85 0.38 
Tryptophan 
 
 87.50  90.00  96.00  92.25  5.55 0.14 0.86 0.37 
Nonessential amino acids 
 
       
Alanine 
 
 80.50  82.50  91.20  86.25  8.33 0.18 0.78 0.50 
Aspartic Acid 
 
 78.00  79.00  89.40  83.50  8.21 0.14 0.63 0.50 
Cysteine 
 
 74.00  68.00  83.60  75.50  16.4 0.41 0.49 0.92 
Glutamic Acid 
 
 84.50  87.50  94.40  90.00  6.15 0.13 0.85 0.34 
Glycine 
 
 79.00  80.00  89.60  85.00  9.12 0.19 0.75 0.62 
Proline 
 
 81.50  85.00  92.20  86.75  7.87 0.22 0.84 0.37 
Serine 
 
 84.00  78.50  90.00  83.00  9.73 0.39 0.31 0.90 
Tyrosine 
 
 85.00  85.50  93.60  88.50  7.62 0.24 0.63 0.56 
Total amino acids 
 
 82.5 83.50 92.00 87.25 7.90 0.19 0.70 0.56 
1Standardized = correction for basal endogenous losses specific to the age of the turkey, Adedokun et al. (2011) 






CHAPTER 4. SUMMARY AND CONCLUSION 
In the energy evaluation experiments, SPC replaced the energy contributing part 
of the corn/SBM diet.   The results for broiler chicks shows that with increasing SPC and 
decreased SBM, there were no significant differences in AME at day 7 for all diets with 
the linear response was also not being significant. But at d 21, AME linearly increased 
with increasing SPC; whereas AMEn was not significant at both ages. In turkey poults, 
with increasing SPC and decreasing SBM, there were significant improvements in AME 
at d 7 and the linear response was also significant. Additionally, at d 21 AME was 
significantly improved and the linear response were also significant. AMEn was not 
significant at d 7 but there were significant difference at 21 d of age.  
When comparing the results between broiler and turkey poults 
(Table 4.1), AME for turkey poults was significantly higher for all of the diets than for 
broiler chicks at d 7. However, at 21 d of age the broiler had higher energy utilization for 
the 2nd and 3rd treatments and there were no significant differences between 1st and4th 
treatments in both species. AMEn results were similar as AME in both species (Table 4.2). 
AMEn for turkey poults was significantly higher for all of the diets than for broiler chicks 
at d 7. At d 21 of age 2nd and 3rd treatments were significantly higher for turkey poults 





It appears, therefore, that turkey poults were able to utilize SPC better than broiler chicks 
at the younger age, but at the older age both species were able to utilize SPC well. 
In the second experiment two semi-purified diets were formulated to 20% protein, 
with either SBM or SPC as the only protein source in the diet. Generally, SPC and SBM 
improved dry matter and nitrogen digestibility from 7 to 21 d of age in broilers. This 
improvement was much greater for SPC (47%) than for SBM (14%). However, dry 
matter digestibility was not different for SPC and SBM between 7 and 21 d of age in 
turkey poults, but SPC was better utilized than SBM. Nitrogen digestibility was 19 % less 
at 7 d vs 21 d of age in turkey poults for both SBM and SPC.  
When comparing the results between broiler and turkey poults, the apparent 
amino acid digestibility in SPC diet were higher for turkey poults at both ages (Table 4.3). 
However in the SBM diet, apparent amino acid digestibility was significantly different 
between d7 and 21 but not different between species (Table A.4). The standardized 
amino acid digestibility for SPC was significantly higher for turkey poults at 7d of age 
than broiler chicks. However, at 21d there were no significant differences between both 
species (Table 4.5).  In the SBM diet, the standardized amino acid digestibility was not 
significantly different between age (d7 and 21) and species (Table 4.6).  
The primary reason for not being different between ages is the correction for 
differences in intestinal maintenance differences between ages i.e. a greater correction 
factor at the younger age and species (greater for turkey than chick).  Adedokun et al. 
(2007) reported that at 5 d of age, ileal endogenous amino acids (IEAA) and total amino 
acid (TAA) flow were significantly (P<0.05) higher for turkey poults-than broiler chicks-





between species at 15 and 21 d of age. In the broiler chicks, for both apparent and 
standardized amino acid digestibility, there were significant differences between age, diet 
and age by diet interaction. Compared to turkeys, broilers were not able to digest SPC 
amino acid as well but the amino acid digestibility improvement was higher for SPC 
compared to SBM between 7 to 21d of age.  
In turkey poults, dry matter digestibility was better than broilers and they were 
able to utilize SPC well compared to SBM at younger age. Whereas, broilers were not 
able to utilize SPC as well as the turkey poults at the younger age. The same, however, 
could not be said for amino acid and protein utilization between birds. Thus, it appears 
that there may be portions of the fiber/non-starch polysaccharide matrix and/or the 
protein itself that negatively affects the young broiler but does not readily impact that of 
the turkey poult. 
The GIT development starts in both species during the incubation period, and 
increases rapidly in size compared to other organs and tissues. In poults it takes longer (6 
to 10 d) for GIT maturation compared to broiler (4 to 8 d). Sell (1996) reported that tissue, 
organs and GIT development occurred by the time of hatching but was not fully mature. 
Due to the immature GIT at hatching, digestion and absorption becomes the limiting 
factor in bird growth during the early post-hatching period. Some studies have reported 
that there is a rapid increase in GIT mass but key segments are still immature until 6 to 10 
d of age in broiler chickens and turkey poults. Given this difference, one would have 
expected SPC to be utilized more effectively at the younger age in the chick, as was 
observed for the turkey poult. However, the magnitude of differences between 7 and 21 d 





In conclusion, SPC replacement with SBM improved energy in both species 
(broiler chicks and turkey poults). SPC amino acid digestibility was good in the younger 
age d 7 for the turkey poult and was good for both species at d21. The primary concern 
could be utilization in starter and pre-starter diets for broiler chicks. There is need for 
price comparison of soy products with SPC in the market. Additionally, a link between 
the commodity market and the final purchaser of specific genetic soybean lines is needed 
if low oligosaccharide lines could be grown and marketed currently. Soy as a commodity 
market precludes this as a viable option for broad animal nutrition use. In the market, 
comparing what nutritional cost benefit for SPC could facilitate the possibility of its use 
in poultry nutrition. Further, broader applicability could occur if there were discussion 



















Table 4.1. AME comparison between broiler and turkey at 7 and 21 day of age. 
 
AME Kcal/g (DM basis) 
                   D7  D21    
Diets Broiler     Turkey   Broiler     Turkey   SEM Age  Species  Age* Species 
A 2.441a1                  3.020b 3.325c 3.190bc 0.133 <0.0001 <0.0001 <0.0001 
B 2.735a                  3.160b 3.451c 3.413b 0.111 <0.0001 <0.0001 <0.0001 
C 2.631a                    3.193b 3.470c 3.435b 0.104 <0.0001 <0.0001 <0.0001 
D 2.688 a                   3.230b 3.483b 3.493b 0.285 <0.0002 <0.03 <0.03 
         
a,b,c Means in rows with no common superscript are significantly different (P < 0.05). 
















Table 4.2. AMEn comparison between broiler and turkey at 7 and 21 day of age. 
 
 AMEn Kcal/g (DM basis) 
                   D7  D21    
Diets Broiler     Turkey   Broiler     Turkey   SEM Age  Species  Age* Species 
A 2.381a1 2.865b 3.165C 3.041bc 0.129 <0.0001 <0.0027 <0.0001 
B 2.560a 2.928b 3.226C 3.180b 0.099 <0.0001 <0.0007 <0.0001 
C 2.483a 2.970b 3.241C 3.188b 0.094 <0.0001 <0.0001 <0.0001 
D 2.498a 2.996b 3.263b 3.238b 0.253 <0.0001 <0.03 <0.02 
 
a,b,c Meansin rows with no common superscript are significantly different (P < 0.05). 
















Table 4.3. Apparent amino acid digestibility of soy protein concentrate (SPC) in broilers and turkey at 7 and 21 days of age, 
Experiment 2. 





D21                                       
 
 
Source of variation 
    
 
  Broiler Turkey Broiler 
 
 Turkey SEM Age Species Age*Species 
Essential amino acids   ----------------- % digested -------------------  ---------- Probability ---------- 
Arginine    64.331 81.00 88.60 94.20 6.42 <0.0001 0.004 0.11 
Histidine 
 
 55.83 75.00 85.00 90.20 7.95 <0.0001 0.010 0.11 
Isoleucine 
 
 52.50 74.00 85.00 90.40 8.45 <0.0001 0.008 0.08 
Leucine 
 
 50.66 72.50 84.40 89.80 8.80 <0.0001 0.009 0.09 
Lysine 
 
 57.00 77.00 85.40 90.40 7.57 <0.0001 0.006 0.07 
Methionine 
 
 61.50 72.00 88.80 91.00 7.79 <0.0001 0.136 0.31 
Phenylalanine 
 
 51.00 72.50 84.40 90.60 8.74 <0.0001 0.008 0.11 
Threonine 
 
 40.66 68.00 77.00 83.60 10.59 <0.0003 0.007 0.07 
Valine 
 
 48.00 70.00 82.80 88.40 9.24 <0.0001 0.011 0.10 
Nonessential amino acids 
  
  
          
  Alanine 
 
 49.66 70.00 83.20 88.20 8.67 <0.0001 0.013 0.10 
Aspartic Acid 
 
 48.83 74.50 82.20 88.40 9.52              <0.0003 0.005 0.06 
Cysteine 
 
 31.80a 54.50b 73.00b 75.80b 12.01 <0.0003 0.064 0.01 
Glutamic Acid 
 
 59.16 78.00 87.00 92.40 7.87 <0.0001 0.009 0.12 
Glycine 
 
 44.33 69.00 79.80 86.20 10.11 <0.0002 0.010 0.10 
Proline 
 
















 58.16 76.50 85.60 91.00 7.47 <0.0001 0.008 0.11 
Total amino acids  52.00 74.00 83.60 89.00 8.62 <0.0001 0.008 0.08 
a,b Meansin rows with no common superscript are significantly different (P < 0.05). 






Table 4.4. Apparent amino acid digestibility of soybean meal (SBM) in broilers and turkey at 7 and 21 days of age, Experiment 2. 
                             SBM   
 
    D7 
 
 
      D21                                       
 
 
  Source of variation 
    
 
  Broiler Turkey Broiler 
 
 Turkey SEM Age Species Age*Species 
Essential amino acids   --------------------- % digested -------------------   ----------- Probability ---------- 
Arginine    84.001 83.50 91.16 90.75 3.84 0.003 0.82 0.98 
Histidine 
 









 74.60 75.00 87.16 84.00 5.56 0.002 0.64 0.55 
Lysine 
 
 77.00 74.00 88.33 85.75 5.17 0.001 0.32 0.94 
Methionine 
 
 81.60 77.00 91.33 88.00 4.22 0.005 0.09 0.78 
Phenylalanine 
 





 68.80 64.50 83.33 77.00 7.98 0.006 0.22 0.81 
Valine 
 




              
Alanine 
 
 73.80      71.50 87.00 83.25 6.10 0.001 0.36 0.82 
Aspartic Acid 
 
 74.40 75.00 86.33 82.50 6.33 0.012 0.63 0.51 
Cysteine 
 
 60.40 49.50 81.66 68.25 12.17 0.008 0.08 0.84 
Glutamic Acid 
 
 81.00 81.50 89.66 88.50 4.59 0.006 0.89 0.73 
Glycine 
 
 71.80 70.00 85.16 81.25 6.72 0.004 0.43 0.77 
Proline 
 














 79.20 77.50 89.16 85.75 5.49 0.007 0.39 0.77 
Total amino acids  76.00 74.50 87.16 83.75 6.00 0.006 0.45 0.76 





Table 4.5.Standardized1amino acid digestibility of soy protein concentrate (SPC) in broilers and turkey at 7 and 21 days of age, 
Experiment 2. 
                             SPC   
 




D21                                       
 
 
Source of variation 
    
 
  Broiler Turkey Broiler 
 
 Turkey SEM Age Species Age*Species 
Essential amino acids   --------------------- % digested -------------------   ------------- Probability ---------- 










 56.00a 82.00b 86.60b 93.00b 8.59 0.0003 0.002 0.04 
Leucine 
 
 54.33a 81.50b 86.00b 92.00b 8.80 0.0004 0.002 0.03 
Lysine 
 





 66.33a 85.00b 90.20b 93.60b 7.86 0.0013 0.016 0.08 
Phenylalanine 
 
 54.16 a 80.50b 86.20b 93.00b 8.80 0.0002 0.002 0.04 
Threonine 
 





 52.66a 81.00b 84.80b 92.40b 9.17 0.0004 0.002 0.04 
Nonessential amino acids 
  
  
        
   Alanine 
 
 54.00a 80.50b 85.20b 91.20b 8.98 0.0005 0.003 0.04 
Aspartic Acid 
 
 52.16a 78.00b 83.40b 89.40b 9.52 0.0007 0.006 0.06 
Cysteine 
 
 40.20 a 74.00 b 78.00 b 83.60 b 11.8 0.0022 0.007 0.04 
Glutamic Acid 
 
 62.00b 84.50b 88.00b 94.40b 7.66 0.0005 0.002 0.06 
Glycine 
 
 48.83a 79.00b 82.00b 89.60b 10.1 0.0009 0.002 0.04 
Proline 
 
 54.16a 81.50b 85.40b 92.20b 9.09 0.0005 0.002 0.04 
Serine 
 










 61.83a 85.00b 87.20b 93.60b 7.68 0.0008 0.002 0.05 
Total amino acids  55.66a 82.50b 85.40b 92.00b 8.79 0.0007 
 
0.002 0.04 
 a,b Meansin rows with no common superscript are significantly different (P < 0.05). 
1Standardized = correction for basal endogenous losses specific to the age of the broiler, per Adedokun et al. (2011) 





Table 4.6.  Standardized1 amino acid digestibility of soybean meal (SBM) in broilers and turkey at 7 and 21 days of age, 
Experiment2. 
                             SBM   
 




            D21                                       
 
 
  Source of variation 
    
 
  Broiler Turkey Broiler 
 
 Turkey SEM Age Species Age*Species 
Essential amino acids   --------------------- % digested -------------------   ------------- Probability ---------- 







 82.60 86.50 90.50 89.50 5.02 0.06 0.59 0.37 
 Isoleucine 
 





































Nonessential amino acids 
  
  
        
   Alanine 
 
 78.80 82.50 89.00 86.25 6.10 0.04 
 
0.88 0.33 
 Aspartic Acid 
 
 77.60 79.00 87.50 83.50 6.33 0.05 0.70 0.43 
Cysteine 
 
 68.20 68.00 86.00 75.50 12.17 0.07 
 
0.42 0.43 
 Glutamic Acid 
 
 83.40 87.50 90.66 90.00 4.64 0.06 0.49 0.34 
Glycine 
 







 78.60 85.00 89.00 86.75 5.90 0.07 0.51 0.18 
Serine 
 











 83.00 85.50 90.83 88.50 5.47 0.08 
 
0.97 0.41 
 Totalamino acids  79.80 83.50 89.16 87.25 5.87 0.05 0.77 0.38 
 1Standardized = correction for basal endogenous losses specific to the age of the broiler, per Adedokun et al. (2011) 
2Means represent 6 replicate pens of 20 and 6 birds from 2 to 7 and 16 to 21 days of age, respectively. 
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